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Meat  Transfer 
Melting 

Bore  Surface  Cracking 
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Vilest  transfer,  melting,  and  erosion  tests  were  conducted  using  a  unique 
•hock  Tube  Gun  Facility  available  at  Calspan.  Materials  of  interest  were  sub- 
ected  to  intense  heating  using  non-reactive  gas  mixtures.  Pure  melting  of 
mterials  was  obtained  at  heating  conditions  representing  those  of  actual  guns. 

A  computer  code  was  formulated,  written,  tested,  and  shown  to  adequately 
ormalize  the  gross  thermal  data,  thus  permitting  determination  of  expected  bore 
emperatures  and/or  material  loss  for  given  heating  conditions.  ^  ont’d) 
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20.  (cont'd) 

► _ J t  was  found  that,  although  the  bora  surface  temperature  of  steals  tested  in 

the  non- reactive  gases  of  the  Shock  Tube  Gun  achieved  temperatures  of  the  same 
magnitude  as  those  in  large  caliber  guns  where  bore  surface  cracking  is  produced, 
no  similar  surface  cracking  of  steels  was  observed.  It  is  concluded  that  chemi¬ 
cal  activity  of  gun  gases  is  partially  responsible  for  crack  initiation  in  gun 
tubes . 
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I.  INTRODUCTION 


Bore  heating  at  high  flu*  rate  can  result  in  bore  surface  temperatures 
exceeding  the  melting  point  of  some  steels.  This  melting  region  is  emphasized 
in  more  recent  high  kinetic  energy  weapons  where  very  high  charge- to-mass 
ratio  is  generally  used  to  produce  required  projectile  velocity,  with  atten¬ 
dant  increased  pressure  and  propellant  gas  flow.  For  this  situation,  general 
surface  melting  has  been  suspected  to  have  occurred  even  in  single-shot 
firings. 1  There  was,  however,  evidence  to  suggest  that  the  melting  exhibited 
by  steels  in  question  arises  in  part  by  chemical  activity  at  the  surface 
which  lowers  the  melting  range  of  the  steel  (such  as  by  addition  of  carbon) 
and/or  provides  additional  local  heating  due  to  exothermic  surface  reactions. 
Bore  heat  input  measurements  in  such  firings  and  estimated  heat  flux  his¬ 
tories  allow  direct  computation  of  bore  surface  temperature  histories  which, 
in  general,  are  found  to  be  much  below  the  melting  point  of  the  steel  where 
melting  is  observed.  Thus,  the  presence  of  chemical  activity  is  indicated. 


In  testing  heretofore,  it  has  been  difficult  to  evaluate  the 
mechanism  of  melting  erosion  and  its  predictability  through  computer  analy¬ 
sis  because  of  inability  to  separate  the  effects  of  pure  forced  convection 
heating  of  the  bore  from  combined  theraochemical  effects.  Use  of  pro¬ 
pellants  containing  carbon  and  oxygen  as  a  means  of  providing  bore  surface 
heating  and  erosion  is  clearly  in  conflict  with  the  desire  for  separation 
of  effects  but  has  until  now  been  the  only  means  by  which  heating  conditions 
of  sufficient  magnitude  could  be  produced.  Kith  the  introduction  of  its 
Shock  Tube  Gun  (STG),  described  later  in  this  report,  Calspan  has  now 
provided  a  tool  which  overcomes  the  limitations  of  the  combustion  approach 
to  erosion  testing  and  can  now  permit  examination  of  the  theraochemical 
nature  of  erosion  in  the  near-melting  range.  This  report  describes  the 
results  of  an  exploratory  study  of  melting  erosion  using  the  Calspan  STG. 

The  primary  objective  of  this  baseline  study  was  to  investigate  the 
melting  erosion  of  various  metals  in  a  gun- like  environment  using  non- 
reactive  gases.  Steels  with  different  carbon  content  and  other  materials 
with  known  melting  points  were  used  as  test  subjects.  The  amount  of 
material  loss  for  given  gas  test  conditions  was  a  primary  measurement 
along  with  measurement  of  bore  heating  through  the  use  of  specially 
designed  calorimeters.  This  primary  objective  has  been  largely  achieved. 


A  secondary  but  important  objective  was  to  develop  a  predictive 
capability  for  melting  erosion  in  terms  of  measurable  test  quantities  such 
as  bulk  heat  input.  A  predictive  computer  code  was  developed  which  pre¬ 
sently  viclds  bore  temperatures  in  essential  agreement  with  those  indicated 
by  inspection  of  the  test  sample,  but  does  not  vet  fully  agree  with  the 
amount  of  melting  erosion  experienced  by  the  sample.  This  remains  an 
area  requiring  further  refinement  of  the  code. 


F.A.  Vassal lo,  "Heat  Transfer  and  Erosion  in  the  Ares  75nm>  High  Velocity 
Cannon,"  Calspan  Technical  Report  No.  VL-564S-D-1,  October  1975. 


II.  SHOCK  TUBE  CHIN  FACILITY 


Full  scale  tube  inst ruaentat ion  and  field  test  evaluations, 
although  of  great  value  in  final  performance  trsting  of  improved  charges, 
should  be  preceded  by  a  more  efficient  and  cost  effective  approach  to  opti¬ 
mization  of  propelling  charges.  Calspan  has  recently  tested  a  unique 
variable  gun  system,  the  operation  of  which  is  based  upon  shock  tube  prin¬ 
ciples  (Shock  Tube  Urn).  Thus,  in  contrast  to  measuring  erosion  that 

results  from  firing  a  vast  number  of  rounds,  the  facility  is  designed 
to  be  used  as  a  developmental  tool  for  ammunition  design  changes  and  to 
assure  an  approach  to  optimal  ammun i 1 1 on - 1 ube  interfaces.  In  achieving 
this  goal,  tests  in  the  Shock  Tube  Gun  are  supported  by  special  erosion 
and  thermal  sensors,  metallurgical  analyses,  and  ballistic  measurements. 
Briefly,  the  STG  generates  a  high  pressure,  high -temperature  test  gas  by 

a  polytropic  compression  process.  As  shown  in  Figure  1,  the  facility 

consists  of  a  Jriver  chamber,  driven  tube,  a  flying  piston,  a  gas  collection 
chamber  and  an  instrumented  gun  tube  containing  a  projectile.  Compression 
of  the  test  gas  (the  counterpart  to  the  propellant  gas  in  an  actual  gun) 
within  the  driven  tube  is  accomplished  by  motion  of  the  flying  piston  con¬ 
tained  within  this  tube.  Motion  of  the  piston  is  the  result  of  force 
applied  by  the  pressure  of  the  driver  gas.  As  the  piston  approaches  the 
collection  chamber,  the  test  gas  pressure  and  temperature  rapidly  increase 
in  a  time  history  representative  of  actual  gun  firings.  A  projectile 
contained  at  the  start  of  the  gun  tube  is  acted  upon  by  this  collected  gas. 
Suitable  means  are  provided  in  the  facility  to  allow  regulation  of  shot 
start  pressure  on  the  projectile.  Once  released,  the  projectile  is  accele¬ 
rated  along  the  tube  in  a  ballistic  cycle  dependent  upon  selected  input 
factors.  Data  regarding  pressure,  velocity,  heating,  and  erosion  are 
collected  through  measurements  in  the  instrumented  test  barrel. 


Kith  suitable  variation  in  parameters,  factors  affecting  erosion 
such  as  pressure  history,  propellant  gas  velocity,  gas  temperature ,  gas 
composition,  tube  composition,  and  propellant  additives  may  be  investigated 
The  compression  ratio,  driven  gas  composition  and  its  initial  conditions 
essentially  govern  the  peak  temperature  and  pressure;  piston  motion, 
influenced  h>  its  mass  and  projectile  movement  effectively  govern  the  pres¬ 
sure  pulse  duration.  Variation  of  piston  mass,  initial  conditions,  and 
compression  ratio  then  permit  independent  change  in  peak  t emperat urc  and 
pressure  as  well  as  time.  Obviously,  the  effect  of  change  of  driven  gas 
composition  «u>  be  tested  under  controlled  interior  ballistic  conditions. 
This  is  a  most  powerful  experimental  mode  of  operation  of  the  facility. 
Other  variable  items  can  also  be  explored  in  specific  tests,  such  as 
rotating  band  design  and  the  relationship  between  obturation  and  erosion. 


Design  and  Construction 


The  Shock  Tube  Gun  is  designed  to  adequately  represent  predicted 
ballistic  conditions  within  guns  as  large  as  the  eight-inch  howitzer.  Thus 


it  is  designed  to  permit  testing  at  peak  chamber  pressures  up  to  40,000 
psi  and  at  projectile  velocities  up  to  -500  ft/sec.  Table  1  lists  the 
present  structural  makeup  of  the  Shock  Tube  Gun.  These  values  were 
established  through  the  use  of  a  preliminary  mathematical  model  of  piston 
action  based  upon  adiabatic  compression.  Through  exercise  of  the  model, 
approximate  size  requirements  were  established  with  final  selection  of 
sizes  dictated  by  available  engineering  materials.  The  photographs  of 
Figure  2  illustrate  the  resulting  Shock  Tube  Gun  assembly  as  well  as  its 
individual  components.  As  shown,  the  projectile  launch  components  consist 
of  the  driven  tube,  chamber  and  3(>mm  smooth  bore  barrel.  These  are 
supported  on  a  carriage  which  is  free  to  move  on  tracks  in  the  direction 
of  piston  motion.  The  tracks  allow  movement  of  the  carriage  during  the 
extreme  impulse  loads  imposed  by  the  unbalanced  chamber  pressure  during 
test  gas  compression,  thus  maintaining  integrity  of  the  supporting  base 
structure.  In  early  firings  conducted  without  installation  of  the  tracks, 
splitting  tensile  failure  of  the  supporting  concrete  structure  was  evi¬ 
denced,  thus  suggesting  the  need  for  a  mount  having  less  rigidity. 

Following  installation  of  the  floating  mount  system,  which  requires  use 
of  a  pneumatic  brake  on  the  driven  tube  for  safety,  test  firings  produced 
no  further  damage  to  the  concrete. 

The  projectile  capture  components  consist  of  a  telescoping  tube 
coupled  to  the  barrel,  a  blast  chamber,  and  a  sand  filled  tube  to  decelerate 
the  projectile  (impact  zone).  The  blast  chamber,  the  purpose  of  which  is 
to  reduce  the  noise  and  pressure  levels  at  projectile  exit  of  the  tube, 
also  contains  an  internal  provision  for  measurement  of  projectile  velocity 
using  velocity  screens.  The  telescoping  tube  allows  motion  of  the 
carriage  independent  of  the  blast  chamber. 

Also  shown  in  Figure  2  arc  views  of  the  chamber  and  toggle 
restraint  system  needed  to  contain  the  high  chamber  pressures  and  associated 
axial  loads.  Chamber  pressures  are  sensed  using  piezoelectric  pressure 
transducers.  The  entrance  region  of  the  launch  tube  can  accommodate 
pressure,  heat  flux,  and  erosion  sensing  devices.  The  launch  tube  itself 
is  a  30mm  smooth  bore  barrel,  15  feet  long. 

Figures  3  and  4  illustrate  two  essential  components  of  the 
facility.  Figure  3  shows  a  view  of  the  brake  area  at  the  upstream  end 
of  the  driven  tube.  This  brake  limits  the  maximum  permissible  axial  load 
on  the  driven  tube  during  the  rapid  piston  deceleration  period.  Without  it, 
loads  could  exceed  the  axial  strength  capability  of  the  tube.  In  essence, 
load  is  limited  by  slippage  in  the  brake  at  a  preselected  lot.d  below  the 
failure  strength  of  the  tube.  The  brake  is  a  "  'ctuated  and,  thus  may  be 
adjusted  according  to  the  amount  of  slippage  .aired  up  to  the  strength 
limit  of  the  tube.  The  brake  is  presently  used  at  only  about  one-half 
capacity  without  excessive  slippage.  Hence,  much  greater  maximum  chamber 
pressures  than  presently  produced  can  be  accommodated. 
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tabu:  i  . 


SHOCK  TUBE  GUN  CHARACTERISTICS 


Configuration  Data: 

Driven  Tube  I.D. 

Driven  Tube  Length 
Piston  Area 
Piston  Weight 
Projectile  Diameter 
Projectile  Area 
Projectile  height 
Driver  Volume 
Chamber  Volume 

Pressure  -  at  release  of  projectile 
Tube  Length 


7. S  in. 

80.81  ft  (970  in.) 
44.179  sq .  in. 

Up  to  200  lb. 

1  .  181/ JO  in. /nun 
1 . 095  sq .  in . 

Up  to  2  lb. 

54,000  cu.  in. 
130.8  cu.  in. 
Variable 
180  in. 


13 


•wa 


Figure  2  SHOCK  TUBE  GUN  (DOWNSTREAM  END) 


Figure  3  VIEW  OF  BRAKE  AREA  (UPSTREAM  ENO  OF  DRIVEN  TUBE) 


RELEASE 
CATCH  v 


A  view  of  one  of  several  pistons  which  are  used  to  compress 
test  gas  in  the  driven  tube  is  shown  in  Figure  4.  It  is  made  from  4340 
steel  and  weighs  ISO  lb.  including  the  release  catch  at  its  rear  end.  As 
shown,  gas  seal  is  obtained  using  ’T"  rings  at  the  front  and  rear  of  the 
piston.  Three  brass  wear  rings  are  used  to  prevent  metal -to-metal  con¬ 
tact  between  piston  and  tube.  A  buffer  projection  on  the  face  of  the 
piston  and  a  complementary  close  fitting  port  at  the  end  of  the  driven 
tube  entering  the  chamber  preclude  direct  impact  of  the  piston  with  the 
end  of  the  driven  tube  in  the  event  that  driven  gas  is  exhausted  T^o 
rapidly  as  by  a  failure  in  the  chamber.  The  buffer  projection  is  necessi¬ 
tated  by  the  presence  of  the  chamber  volume  at  the  end  of  the  driven  tube 
which  can  permit  piston  contact  at  the  driven  tube  end  with  insufficient 
chamber  pressure  development.  Metal -to-metal  impact  if  allowed  to  take 
place  could  cause  damage  to  the  piston  and/or  tube  face.  The  buffer 
prevents  this  occurrence. 

lor  am  particular  combination  of  driven  (testl  gases  and 
desired  ballistic  result.  Shock  Tube  Gun  settings  namely;  driver  pressure, 
piston  and  projectile  weights,  and  driven  gas  initial  pressure  are 
determined  using  a  simplified  computer  code  which  models  the  dynamic  con¬ 
ditions  within  the  gun.  The  computer  code  was  validated  in  early  develop¬ 
mental  testing  of  the  STG  whereby  piston  position,  chamber  pressure,  and 
projectile  velocity  were  measured  and  compared  with  those  prediced.  As 
an  example  of  the  performance  of  the  code  Figure  !>  shows  a  comparison  of 
predicted  and  measured  chamber  pressure  histories  at  a  condition  representing 
Zone  '  m  the  eight -inch  howitrer.  It  is  clear  that  chamber  pressure  is 
more  than  adequately  predicted  by  the  computer  code  both  with  regard  to 
magnitudes  of  pressure  and  time.  Using  the  computer  code,  then,  STG 
input  factors  can  be  chosen  to  result  in  preselected  test  conditions  of 
pressure,  temperature,  gas  velocity  and  gas  activity  at  the  entrance  of 
the  launch  tube.  These  represent  parameters  which  are  important  in  tube 
heating  and  erosion. 


1* 
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III. 


TEST  PREPARATIONS 


1_. Ma t  eri a  Is  Sc lcct ion 

As  noted  earlier  the  chief  objective  of  this  work  is  to  determine 
gun  conditions  which  lead  to  pure  melting  at  the  bore  surface  and  to 
examine  and  characterize  bore  surface  condition  after  test  in  an  effort 
to  establish  baseline  materials  behavior  when  subjected  to  severe  heating 
conditions  in  the  absence  of  significant  chemical  activity.  To  do  this 
effectively,  test  specimens  amenable  to  analysis  and  representing  a 
sufficiently  wide  range  of  thermal  properties  including  melting  point 
were  first  selected.  Table  2  lists  the  pure  nxtals  and  alloys  tested 
in  this  work.  These  were  deemed  most  appropriate  because  of  their  thermal 
property  range  and/or  their  similarity  to  conventional  gun  steels. 

Pure  melting  of  solids  exposed  to  intense  heating  is  governed 
primarily  by  the  severity  of  the  thermal  gradient  with  the  body  away 
from  the  surface  and  the  magnitude  of  its  melting  point.  Because  the  rate 
of  conduction  of  heat  away  from  the  heated  surface  is  much  less  than  that 
arriving  at  the  surface  from  the  gas, thermal  gradients  within  the  material 
become  steep  and  the  material  can  absorb  only  a  little  heat  before  melting 
of  the  surface  begins.  The  depth  of  heat  penetration  in  materials  and, 
thus,  the  amount  absorbed  is  dependent  on  their  thermal  diffusivity  and 
the  exposure  time.  Tor  semi  -  inf ini te  solids,  the  heated  depth  at  any 
time  is  given  ;ipprox»»atel>  by  the  eipi.it  ion 


1  *  •  t»»t 


(1) 


i  •  is  the  thermal  diffusivit) 


For  illustration,  the  expected  heated  depth  in  lt40  steel  as  a  function  of 
time  is  given  in  Table 


I  Vht.l  .*%.  Hi  \T  PENETRATION  DEPTH  IN  4.V10  STEEL 


Heated  Depth 

Time,  t 

6  ,  in. 

Mi  1 1 1 seconds 

0.002b 

0. 1 

0.003b 

0.2 

0.00S8 

0.5 

0.0082 

1.0 

0.012 

2.0 

0.018 

5.0 

0.02b 

10.0 

19 


TABU  PHYSICAL  PROPLRIILS  01  SI.LI.CTU>  MI  IA1_S  V,l>  ALLOYS 


Clearly,  Table  3  shows  that  only  snail  .mounts  of  this  material 
can  be  heated  in  time  periods  of  present  large  caliber  guns. 

As  a  consequence  of  this  shallow  heated  depth  and  the  steep  thermal 
gradients,  surface  melting  can  begin  quickly,  with  subsequent  material 
removal.  The  equation  for  temperature  rise  at  the  surface  of  a  semi- 
mfinite  solid  when  subjected  to  a  constant  heat  flux.  q.  is 


Jq  /  t 

^ »TcV 

which  may  be  rewritten  in  the  form 

•q/1;*  •  (Tm  -  TjwGck  (3) 

in  which 

r  is  the  melting  temperature 

m 

is  the  initial  temperature 

t  is  the  t l we  to  melting 

k  is  the  thermal  conductivity 

Ci'  is  the  heat  capacity  per  unit  volume. 

In  this  form,  (liquation  3),  the  materials  properties  are  collected  on  the 
right  side  of  the  equation.  The  value  on  the  right  then  serves  as  a  useful 
figure  of  merit  for  comparing  materials.  The  larger  the  figure  of  merit, 
the  larger  the  time  required  to  attain  melting  at  any  constant  heat  flux. 

Those  materials  selected  for  this  baseline  study  arc  listed  in  Table  2 
in  order  of  their  figures  of  merit.  It  will  later  be  of  interest  to  observe 
whether  the  figure  of  merit  depicts  the  performance  of  these  materials  in 
non-constant  gun  heating  environments. 

Vexing  the  pure  metals  melting  between  say  1S00*I:  and  2500° I 
figures  of  merit  are  high  and  melting  is  difficult  to  achieve.  Copper 
provides  one  example  of  this.  Much  lower  figures  of  merit  arc  available 
in  common  alloys.  Those  listed  in  Table  2  serve  well. 

Naval  brass  begins  to  melt  at  1630°F,  has  an  average  thermal 
conductivity  of  81  Btu/hr-ft  and  a  figure  of  merit  of  102, Ono.  Cupronickel 
alloy  of  70  Cu-30Ni  comj>os i t ion  has  a  solidus  t emperat ure  of  2140°F  and  less 
than  one-half  the  thermal  conductivity  of  naval  brass.  Its  figure  of  merit 

is  93,150. 
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The  alloy  steels  4.140  and  Vascomax  represent  materials  of  current 
interest  in  weapons  manufacture,  and  possess  mid-range  figures  of  merit. 

The  high  carbon  steel  and  the  pure  iron  permit  examination  of 
the  effect  of  carbon  addition  on  materials  melting  behavior  and  fill  out 
the  range  of  figures  of  merit. 


Specimen  Installa t ion 

Ihe  erosion  test  section  within  the  chamber  of  the  Shock  Tube  Gun 
is  as  shown  in  Figure  f’-  Each  test  specimen  is  fabricated  in  the  form  of 
a  ring  and  placed  downstream  from  the  entrance  throat.  The  bore  diameter 
of  the  ring  specimens  was  selected  to  be  2omn  and  each  was  0.S  inches  long. 
Rings  of  this  sue  fit  easily  on  the  specimen  stage  of  Calspan's  Etec 
Autoscan  Scanning  Electron  Microscope  (SIM  such  that  "before  and  after" 
examination  of  the  bore  surface  can  be  conducted  without  recourse  to 
replicas.  Of  course,  several  other  factors  entered  into  selection  of 
specimen  si:e,  especially  the  need  to  maximize  heat  transfer  so  that 
relatively  high  melting  alloys  such  as  steel  could  be  melted. 

As  shown  m  Figure  <’  .  several  specimens  placed  in  series  ma> 
be  installed  in  each  test.  Because  the  heating  conditions  should  change 
but  little  over  the  short  axial  distance  of  the  samples,  a  number  of 
materials  can  be  tested  at  once  under  essentially  the  same  test  conditions. 
Early  testing  in  this  study  reported  later  (Tests  No.  1-7)  utilized  three 
samples  of  nearly  identical  bore  diameter  and  regular  cylindrical  shape. 
Slight  tolerance  differences  between  samples,  however,  resulted  in  slightly 
non-concent ric  alignment  of  the  rings  and  thus  some  edge  effects  on  each 
ring.  These  edge  effects  tended  to  produce  some  flow  separation  at  down¬ 
stream  areas  with  resulting  questionable  gas  flow-surface  interactions. 

Later  tests  used  stacked  5*  conical  cylinders  which  maintained  a  favorable 
pressure  gradient  in  the  gas  flow  and  little  separation.  The  downstream 
bore  diameter  change  due  to  the  internal  conical  shape  was  very  minor  over 
the  total  axial  length  of  the  specimens  and,  in  fact,  tended  to  maintain  a 
more  constant  heating  over  all  test  specimens. 

Each  test  specimen  was  characterized  with  regard  to  weight  and 
surface  condition  before  test.  Specimens  were  weighed  using  an  analytical 
balance  so  that  weight  changes  of  a  fraction  of  a  milligram  could  be 
readily  determined. 

Surface  characterization  using  the  SFM  was  facilitated  by  placing 
indexing  marks  on  each  specimen,  as  in  Figure  ",  which  serve  to  establish 
unique  locations  for  before  and  after  examination.  In  addition,  Calspan 
has  found  that  burrs  or  asperities  intentionally  left  at  the  sharp  edges 
of  the  scratch  marks  arc  very  useful  in  detecting  threshold  erosion,  because 
such  asperities  receive  greater  heating  per  unit  conductive  area. 


RTH  SPECIMEN 


Figure  6  SHOCK  TUBE  GUN  TEST  SECTION  MOOIFIED  TO  ACCEPT 
THREE  20mm  BORE  EROSION  TEST  RINGS 


Heat  Frans  for  Instrumentation 
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A  primary  measurement  of  the  study  is  the  amount  of  bore  heating 
associated  with  each  test.  for  this  measurement,  two  methods  were  used, 
first,  in-depth  thermocouples  were  installed  in  selected  samples.  These 
in-depth  thermocouples  were  placed  at  distances  of  0.020  and  0.040  inches 
from  the  bore  surface.  The  method  of  installation  is  as  shown  in  Figure  8. 
Each  of  these  thermocouples  independently  may  be  used  to  determine  net 
heating  to  the  bore.  Total  heat  input  is  calculated  from  the  in-wall  ^ 
thermocouples  output  by  use  of  methods  developed  and  reported  by  Calspan." 
Briefly,  conversion  of  in-wall  thermocouple  outputs  (millivolts  vs.  time) 
to  total  net  heat  input  per  unit  area  is  made  by  use  of  the  relation 


Q(t)  •  AT  It)  »  -Kept  (4) 

where  Q(t)  is  the  not  bore  heat  input 

AT l t )  is  the  indicated  change  in  in- wall  temperature  as  a  function 
of  1 1 me 

k  is  the  the rma 1  conduc t i v 1 1 v 
m 

c.  is  the  heat  capacity  per  unit  volume 
t  is  the  time  after  start  of  heating. 

I'ata  reduction  procedure  i  s  simple  to  apply  lquation  (4)  ai 
successive  time  intervals  (e.g.,  0.05,  0.1,  0.15  sec,  etc.)  resulting  in  a 
plot  of  Q(t)  vs.  t.  The  curve  thus  produced  will  be  asymptotic  to  the 
desired  heat  input.  This  method  is  vers  insensitive  to  the  actual  thermo¬ 
couple  depth  and  therefore  both  the  O.ojn  and  0.040  inch  thermocouples  sicld 
redundant  values. 

\  second  method  bv  which  net  total  heat  input  was  derived  was 
to  use  the  test  specimen  itself  as  a  calorimeter.  For  this  several  ring 
calorimeter  specimens  were  made  according  to  the  sketch  of  figure  9. 
Thermocouples  were  installed  in  the  calorimeter  portion  of  the  specimen 
as  shown  and  the  calorimeter  was  fabricated  of  the  material  under  test. 

Here,  the  in-dcpth  thermocouple  could  be  used  to  obtain  heat  input  via 
Equation  1  while  the  outermost  thermocouple  yielded  heat  input  through  use 
of  the  expression 


Q  * 


Ci  n 

A 


•T 


K 


(S) 


Since  m  is  the  mass  of  the  sensing  ring.  Equation  5  is  simply 
a  ratio  of  the  change  in  heat  content  of  the  sensing  ring  over  the  temperature 
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Figure  9  CONICAL  CALORIMETER  SAMPLE 


rise  to  the  bore  heat  input  area. 

As  auv  he  noted  f  rom  T.qua  t  ion  1,  for  the  mu',  erials  tested  in 
this  s t ud *  (excluding  copper),  heat  penetration  distance  during  the  heating 
time  is  short.  Thus,  insignificant  effect  on  bore  temperature  response  is 
introduced  bv  utilization  of  calorimeter  sensor  wall  thicknesses  greater 
than  the  penetration  depth.  Although  the  greatest  required  thickness  was 
found  to  he  0.060  inches  computed  for  the  brass  sample,  for  convenience, 
all  calorimeter  sensors  were  made  with  a  wall  thickness  ot  U.uyu  inches. 
Hence,  the  sensor  acts  as  a  slug  type  calorimeter  while  at  the  same  t 1  roe 
exhibits  normal  surface  temperature  response  and  melting  during  the  heating 
period.  Test  specimens  of  the  calorimeter  configuration  therefore  provide 
the  most  basic  and  accurate  data  regarding  heat i ng/cros 1  on  in  the  ST ( • 
tests. 

It  must  be  pointed  out  that  the  techniques  discussed  above  hv 
which  heat  input  is  determined  account  onlv  for  that  heat  remaining  within 
the  specimen  after  test.  If  melting  has  occurred  and  some  material  loss 
is  experienced  b>  the  sample,  sone  incident  heat  is  unaccounted  for.  The 
actual  heat  associated  with  the  material  loss  is  nit  known  prccisel)  but 
a  reasonable  value  can  be  assigned  :  it  based  upon  the  assumption  that  t hi 
material  has  been  full)  melted.  Through  the  melting  point  the  heat 
associated  with  the  material  melted  is 

c^a  *  M1*  *  ri)  *  Lm)-*  (fe 

where  I  is  the  ~el ting  temperature 

33 

and  !.  is  the  latent  heat  of  fusion 

m 

'w  is  the  weight  loss 

The  test  ring  area  is 


A\  I 


The  re  t  > re  , 
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Table  4  lists  an  estimated  value  of  per  gro  ot  loss  for  each 

■>t  the  material  types  tested. 


fchcre  significant  loss  was  observed,  the  net  heat  input  was 
.  irre.ted  bs  the  indicated  amount. 


TABU.  4. 

111  AT  INPUT  CORRLCTIONS.  0 

Hatcriul 

Heat  Input  Correction 

Loss 

Btu/!  t*  -  Cm 

Naval  BraiN 

SB 

Cupronickel 

88 

1 09 S  Steel 

9? 

4  340  Steel 

103 

Copper 

70 

I  ron 

124 

29 
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Selection  of  Test  Conditions 


basic  requirements  m  the  selection  of  lest  gas  and  conditions 
are  that  bore  surface  melting  be  produced  with  as  little  chemical  interaction 
with  the  surface  as  possible.  Therefore,  the  test  gas  should  contain 
negl igible  oxygen.  furthermore,  gas  pressures  and  temperalur  of  the 
magnitude  general ly  obtained  in  large  caliber  weapons  were  taken  as  design 
goals.  A  fundamental  propertv  of  the  gas  which  governs  the  pressure 
temperatures  produced  in  the  shock  tube  compression  process  is  its  ratio 
of  specific  heats,  t  figures  10  and  11  illustrate  character  ist  ii.  perfor 
•sauce  curses  for  the  [’resent  Shock  lube  (.un  as  a  Junction  of  driver  pressure 
and  ratio  of  specific  heats.  Figure  1"  illustrates  the  maximum  pressures 
obtainable,  whereas  figure  11  shows  corrcs|>onding  maximum  temperatures . 
Although  modification  of  the  facilitv  would  illow  a  greater  performance 
range,  in  its  present  configuration  maximum  allowable  driver  pressure  is 
nSO  psia  and  maximum  chamber  pressures  should  be  limited  to  a!  4t'.i)<u>  psi. 

These  limits  determine  the  performance  envelope  as  shown  m  figure  Id .  As 
mu  be  observed,  the  limiting  chamber  pressure  su>  be  achieved  with  a 
wide  selection  ot  ratios  of  specific  heat.  Reference  to  Figure  11,  however, 
shows  that  generation  of  high  pressure  for  those  gas  mixtures  having  low 
values  of  'n  is  obtained  at  sacrifice  in  maximum  ga-  temperature.  The 
dashed  curve  in  Figure  11  represents  the  locus  f  t h«  maximum  t eraperat ure 


attainable  with  a  4  i .  1  psi  chamber  pressure  limit. 


M(H)*R. 


Thus ,  for  a  ■  of  1  . 4 
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In  considering  the  pure  mona  t  -r.ic  gases  licit  urn  and  \rgon,  it  is 
found  that  their  ratio  of  specif:,  heats  1  .  r>r-f  results  ;n  too  little 

chamber  pressure  generation  >00  [••i  with  unrealistically  high  maximum 

gas  temperatures  10,i'Oii*R  furthermore,  usr  f  Helium  results  in  on  1  \ 
a  snull  amount  of  test  gas  being  compressed  due  to  its  l  w  molecular  weight 
Reference  to  Figures  lr  and  11  reveals  that  the  pressur*  temperature 
conditions  arc  maximized  with  n  s(-t  at  about  l.S’  T.  prom  te  development 
of  pressures  above  S  .  psi  taken  as  a  test  gi  .« i  .  initial  tests  were 
nducted  witl  g«1  Argot  an  •  , .  .  .  t  rut  ,  t  spe,  ,  •  i  c  heat  s  of 

1  .  which  was  obtained  bv  use  of  a  mixture  containing  -4  Argon  and  4S.S'. 
Nitrogen  bv  weight  final  testing  was  performed  by  adtusting  n  to  1 . S 5 
using  a  ki  r\  Argon  Nitrogen  mix  T«  ’ther  spc>  ifi  mixtures  were  also 
iscd  for  selected  tests  in  an  effort  t  •  confirm  t'r  performance  curves 


.TO 


Figur*  11  STG  TEMPERATURE  CHARACTERISTICS 


I\ . 
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1 .  lest  Procedures 

Collection  of  test  data  regarding  ballistics,  heating,  and 
erosion  followed  a  more  or- less  standard  procedure.  first,  all  important 
components  of  the  facility  were  inspected  for  attrition  due  to  previous 
firings,  expendable  items  such  as  "0"  rings  and  other  seals  were  replaced. 
The  driven  tube,  chamber,  and  piston  were  carefull>  cleaned  to  avoid 
presence  of  contaminants.  The  piston  was  then  fixed  in  position  at 
the  upstream  end  of  the  driven  tube.  The  projectile  was  inserted  into  the 
bar re  1  . 


Specimens  were  characterized  prior  to  test  using  the  SIM  for 
surface  appearance  and  an  analytical  balance  for  initial  weight.  Selected 
specimens  or  calorimeters  were  then  installed  within  the  chamber  as 
shown  in  figure  n  earlier.  In  selected  tests,  M- 1 1  crusher  gages 
were  also  installed  in  the  chamber  for  a  redundant  measure  of  pressure. 

Ml  required  inst rumentat ion  including  pressure  transducers,  thermocouples, 
and  velocitv  screens  were  connected  to  suitable  recording  devices;  the 
piezoelectric  pressure  output  was  recorded  on  a  Bell  and  Howell  tape 
recorder  at  a  speed  of  in  sec;  t he  ms  'couple  output  was  recorded 
directlv  .>n  »  Consolidated  l.  lec  t  rodvnami  c  s  C'orporat  ion  oscillograph  at 
a  paper  speed  of  •  inches  per  second,  the  projectile  transit  time  between 
vclocit)  screens  was  recorded  bv  use  of  a  Tektronix  Scope  Set  for  1 
~ill!xe».ond  |  rr  division.  The  Tektronix  Scope  was  also  used  to  record 
press  ij-e  signal  playback  from  the  tape  which  was  performed  at  a 
tape  speed  of  1  ~  s  inches  second,  or  a  t  i me  expansion  of  If-:  1  over  the 
recording  time. 

•Vftcr  installation  of  the  pro -ec tile  and  specimens,  the  entire 
driver  tube  including  the  chamber  was  evacuated  to  a  pressure  level  of 
less  than  o  1  inch  of  Mercury.  The  chamber  was  then  purged  b>  filling 
with  pure  \itr  gen  It  was  again  evacuated  and  filled  to  the  required 
partial  pressure  of  Nitrogen  Pure  Vrgon  was  then  added  to  result  in 
the  required  nix  pressure. 

The  required  partial  pressures  of  Nitrogen  and  *rgon  are  depen¬ 
dent  upon  the  mix  ratio  desired  and  this  is  determined  bv  the  desired 
ratio  of  specific  heats  for  the  mix  I  ((nations  for  establishing  partial 
pressure  settings  were  derived  from  simple  mixing  laws  and  are; 
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■ 


'  A 


(9) 
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(10) 


(11) 

(12) 

(13) 


and 

PA  ■  r»  *  Ps  (>«> 


In  these  express ions .  subscripts  m.  and  A  refer  to  mix.  Nitrogen,  and 
Argon  respectively.  Also, 

W  is  weight 

P  is  the  pressure 

v  is  the  ratio  of  specific  heats 

R  is  the  gas  constant 

V  is  the  driven  tuhe  volume 

for  any  selected  ratio  of  specific  heats,  >  ,  and  mix  pressure 
Pm.  the  partial  pressures  of  Nitrogen  and  Argon  are  specified  hv  liquations 
1  .A  and  14. 

Following  these  test  preparations,  the  driven  tuhe  was  pressurized 
to  the  desired  level,  recording  devices  were  activated  and  the  piston  was 
released. 

After  exhausting  residual  driver  pressure,  specimens  were  removed 
and  hard  copy  was  made  of  the  test  data.  Specimens  were  inspected, 
reweighed  and  photographed  when  deemed  appropriate. 
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_ Heat  Input  Data 

Meat ing/ba 1 1 ist ic  data  collected  for  all  test  runs  conducted 
in  this  study  are  given  in  Table  S.  The  general  test  approach  involved 
a&scssaent  of  heating  and  materials  response  with  gradually  increasing 
test  severity.  In  this  way,  the  action  and  performance  of  the  facility 
could  be  established  with  minimum  chance  of  irrcpairablc  damage  to  it 
while  at  the  same  time  permitting  collection  of  meaningful  data. 

The  first  seven  runs  were  chiefly  for  the  purpose  of  determining 
heating  and  temperature  response  of  the  naval  brass  specimen.  Total 
heat  input  amounts  were  gradually  increased  to  119  Btu/ft^  with  resulting 
melting  of  the  brass  (see  Sect  ion  IV.3) .  In  Runs  8  and  9  a  special  speci¬ 
men  configuration  was  used  whereby  each  successive  in-line  specimen  was 
reduced  in  diameter,  presenting  a  raised  leading  edge  to  the  gas  stream. 
The  objective  was  to  increase  heat  transfer  to  the  edge  to  force  local 
melting  of  resistant  materials.  The  raised  edge  on  the  brass  heat 
input  specimen  exhibited  considerable  local  melting  which  apparently 
induced  greater  downstream  total  heat  input  as  indicated  by  the  increase 
to  ITS  Btu/ft*  from  119  Btu/ft-  recorded  in  the  earlier  run  at  the 
same  test  condition.  It  is  believed  that  the  increased  heat  input 
.irises  in  part  by  rcsol  idi  ficat  ion  of  upstream  melt  at  the  downstream 
thermocouple  sensing  station  and  in  part  by  overest  im.it  ion  of  the  heat 
input  associated  with  material  loss  via  Captation  7  in  this  totally  non- 
uniform  heating  situation.  For  this  reason,  the  "stepped"  specimen 
configuration  was  not  continued  beyond  Run  Number  9. 

Runs  10  through  25  were  generally  attempts  to  increase 
the  heating  conditions  through  change  in  driver  pressure,  piston 
weight,  projectile  weight,  and  gas  mixture.  It  was  found,  however, 
that  maximum  heating  conditions  obtainable  for  the  conical  samples  used 
(about  JiHam  diameter)  were  limited  to  below  that  needed  to  melt  pure 
I  ron .  * 


Comparative  heating  values  for  the  five  types  of  calorimeters 
were  obtained  in  Runs  through  30  at  the  highest  presently  obtainable 
Shock  Tube  Gun  test  condition.  Total  heat  input  data  were  obtained  for 
each  of  these  samples  as  were  erosion  data  to  be  discussed  presently.  The 
chief  purpose  of  Runs  2t>  through  30  was  to  evaluate  the  heat  ing/mel t  ing 
performance  of  the  various  materials  at  essential 1>  the  same  flow  condition. 
The  maximum  pressure  in  these  runs  was  about  40,000  psi  with  a  corresponding 
gas  temperature  of  about  82SO*F.  Figure  1  -  illustrates  a  pressure  history 
typical  of  these  runs. 


•For  future  test  work,  the  facility  will  be  upgraded  to  increase  maximum  test 
conditions  through  the  addition  of  heaters  on  the  driven  tube. 
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The  final  two  runs  31  and  32  were  performed  using  a  single 
cylindrical  nozzle  specimen  having  a  length  of  l.S  inches  and  an  inner 
diameter  of  0.5  inches.  Mere,  the  main  purpose  of  the  test  was  to 
evaluate  effect  of  diameter  on  heat ing/mclting.  As  is  evident  from 
Table  5,  a  small  increase  in  total  heat  input  was  found  over  that  of 
the  larger  diameter  4340  sample.  Because  threshold  melting  conditions  are 
present  near  this  heating  level,  this  small  increase  is  later  shown  to 
produce  substantial  increase  in  surface  melting. 


.V. _ Melting  and  Erosion 

In  runs  one  through  nine  (see  Table  b)  the  naval  brass  specimen 
was  monitored  rao^t  closely  as  heat  input  to  its  surface  was  increased  from 
(■4  to  128  Btu/ft*  by  incrementally  increasing  driver  gas  pressure.  At  the 
same  time  the  heat  input  to  the  Vascomax  300  maraging  steel  is  calculated 
to  have  increased  from  48  to  90  Btu/ft*  and  that  to  '0-30  Cupronickel 
increased  from  55  to  90  Btu/ft*. 

Significantly,  the  only  surface  change  noted  prior  to  the  onset 
of  melt ing/erosion  in  each  specimen  was  progressive  discoloration  of  the 
interference  color  type  associated  with  ultra-thin  oxide  films  on  metals. 
Such  films,  only  a  few  hundred  angstroms  thick,  are  in  the  present  context 
seen  as  excellent  evidence  of  the  extremely  low  oxygen  content  of  the  test 
gas.  Cal  span  has  observed  in  previous  Shock  Tube  I'.un  testing  that  a  very 
much  heavier  oxide  develops  when  substantial  amounts  of  oxygen  are 
present  in  the  test  stream.  It  is  probable  that  the  very  slight  oxide 
tinting  noted  takes  place  when  the  piston  "rebounds"  back  in  the  tube 
and  draw*,  in  air  after  the  test  cycle  is  complete.  In  any  event,  checks 
of  thinly  oxidized  versus  polished  specimens  in  the  present  program 
indicated  no  difference  in  response  to  the  test  stream. 

As  mentioned  earlier,  in  Runs  8  and  9,  the  specimen  configuration 
was  changed  such  that  each  of  the  three  specimens  was  slightly  smaller 
than  the  last,  presenting  a  raised  leading  edge  to  the  gas  stream. 

Since  the  weight  losses  in  these  two  runs  are  primarily  from  the  leading 
edge,  no  attempt  should  be  made  to  calculate  general  surface  recession 
from  these  data.  Rather,  specimen  surface  response  can  be  studied  in 
microscopic  detail  by  pre-test  and  post -test  examination  of  scribed 
erosion  index-marks  in  the  Scanning  Electron  Microscope  (STM).  Figures 
13-18  depict  the  results  of  such  examination  and  are  largely  self- 
explanatory.  It  is  noteworthy,  however,  that  the  raised  layer  of  solidi¬ 
fied  brass  melt  (Figure  15)  is  very  ductile  when  bent  manually,  indicating 
a  remarkable  freedom  from  contaminants  in  the  gas  stream.  This  is 
further  Illustrated  In  Figure  16  showing  by  SF.M  x-ray  that  the  post  test 
surface  is  free  of  contamination  at  the  level  of  sensitivity  of  this 
instrument  which  is  roughly  0.5  percent. 


TRAILING  EDGE 
INDEX  MARK 
BEFORE  TESTING 
1 100X  SEMI 


RUN  NO  5 
MEAT  INPUT 
105  Btu/»1* 
ilOOX  SEMI 


ONL  V  THIN 
PROJECTING 
BURRS  '  LOST 
MERE  AT 
TRAILING  EDGE. 
THRESHOLD 
MELTING  NEAR 
LEADING  EDGE 
(NOT  SHOWN! 


RUN  NO  6 
HEAT  INPUT 
115  Btu/ft* 
(ESTIMATEDI 
I100X  SEMI 


SHOWS  THRES 
HOLD  MELTING 
HERE  AT 
TRAILING  EDGE 
DEFINITE 
MELTING  NEAR 
LEADING  EDGE 
(NOT  SHOWN) 


Figure  13  NAVAL  BRASS  SPECIMEN  NO  I  (ARGON  NITROGEN  7  m -15  MIXTURE) 
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Figure  14  NAVAL  BRASS  SPECIMEN  NO  ll(  ARGON  NITROGEN  7  .  1.5  MIXTURE) 
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Figure  15  NAVAL  BRASS  SPECIMEN  NO  II  (ARGON  NITROGEN  7 
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Figure  17  CUPRONICKEL  ALLOV  SPECIMEN  NO  I  (ARGON  NITROGEN  •  15  MIXTURE) 
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Figure  18  MARAGING  STEEL  (Iff*  NO  SPECIMEN  NO  I  (ARGON  NITROGEN  >m  -  1  5  MIXTURE! 
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In  summary  of  the  specimen  response  observations  of  the  first 
nine  runs,  it  was  clear  that  a  full  melting  condition  was  reached  on  the 
brass  at  a  heat  input  slightly  greater  than  1  JO  Btu/ftJ  The  aaraging 
steel  at  the  00  Htu/ft*  level  was  showing  just  the  beginning  of  leading 
edge  melting  on  a  stepped  specimen  where  the  actual  heat  input  was  no  doubt 
greater  than  00  Btuft*  on  the  edge;  the  Cupronickel  at  lot  Btu/ft*  lost 
i-l  mg  but  mostl>  from  the  leading  edge  step  where  heat  input  was  probahlv 
above  lot  Bt u  ft*.  It  was  thought  that  the  stepped  specimen  configuration 
had  served  its  purpose  in  runs  eight  and  nine  and  all  subsequent  specimens 
had  no  leading  edge  step. 

Runs  io  through  JS  represent  a  portion  of  the  prograa  in  winch 
attempts  were  being  made  to  increase  heating  and  special  calorimeter 
specimens  were  designed  and  employed  to  cuke  certain  that  pood  heat 
input  Jata  were  being  obtained.  Melting  was  not  general 1>  achieved  in 
the  4 s4  1  steel,  lOOs  steel,  ingot  iron,  or  Cupronickel  specimens  employed 
as  shown  in  Table  4.  Important  observations  wore  made,  however,  >n 
surface  cracking  Jiscusscd  later)  and  on  the  effect  of  roughness 

on  erosion  loss  as  discussed  below. 

It  was  noted  in  Run  1  3  that  the  new  1095  steel  spicimen  ]i  b-  1 
lost  about  four  milligrams,  but  in  the  next  three  runs  undet  «  •  sent i a  1 1 > 
identical  heating  conditions  there  was  no  additional  loss  Suspecting 
that  the  smoothing  effect  of  the  first  shot  was  respons i b 1 e  for  the  change 
to  the  "no  loss'*  result  in  subsequent  runs,  much  rougher  1  •  steel  specimens 
«erc  introduced  into  a  new  "D"  position  in  Run  lb  and  al-  int  >  the  "C" 
position  in  Run  1". 

The  rough  1095-11  specimen  is  shown  before  and  after  firing  in 
Figure  l'i  Loss  was  14  mg  which  mas  be  compared  with  the  1  J  mg  loss 
ited  above  on  .«  less  rough  specimen  under  the  same  heating  conditions. 

specimen  1095- I\  was  nvichincd  with  accentuated  surface  roughness 
in  a  was  which  (figure  JO)  left  more  of  the  specimen  projecting  above  a 
certain  elevation  so  to  speak.  The  loss  was  J4  rag  in  the  first  shot  at 
the  nominal  SO  Rtu  f  t  level  and  14  rag  in  the  second  (Runs  1'  and  is  .  In 
the  same  two  runs  a  polished  109Ts  steel  specimen  (Figure  J1  lost  no 
weight,  i.c.,  less  than  one  mg. 

The  above  observations  lead  to  the  following  statements: 

I.  \s  the  threshold  of  complete  melting  is  approached  for 
high  carbon  steel  (at  nominally  the  80  Btu/ft*  level 
in  these  tests),  a  limited  regime  is  reached  in  which 
surface  roughness  controls  the  amount  of  •y'lt  loss 

J.  In  this  regime  an  extremely  rough  surface  can  lose 
more  than  150  microinches  in  one  shot  while  an 
extremely  smooth  surface  loses  nothing. 


4  <4 


<«)  BEFORE  BUN  16  (NEW.  ROUGH) 


(a)  BEFORE  RUN  17  (NEW.  ROUGH) 


(bl  AFTER  RUN  17  (24  M«  LOSS) 

SPECIMEN  1095  IV  AFTER  ONE  SHOT  AT  80  Btu/ft2  LEVEL 


(b)  AFTER  RUN  17  (NEGLIGIBLE  LOSS) 

Fijur*  21  SPECIMEN  1096  III  AFTER  ONE  RUN  AT  80  Btu/ft2  LEVEL 
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3.  The  loss  from  an  initially  rough  surface  will  decrease 
with  each  succeeding  shot  in  this  regime. 

One  implication  of  the  above  is  that  it  behooves  the  experimenter 
to  finish  each  specimen  similarly  when  testing  in  this  regime.  Along  this 
line  it  can  be  noted  that  when  losses  greater  than  say  30-40  mg  are  obtained 
on  the  half-inch  wide  specimens,  it  can  be  concluded  that  the  heat  input 
has  exceeded  the  level  of  the  "roughness  dominated  regime"  even  for 
extremely  rough  specimens.  For  the  bulk  of  the  present  study  surface 
finish  was  held  fairly  constant  at  a  roughness  level  in  which  roughness 
variations  would  account  for  no  more  than  a  very  few  milligrams  loss 
variation  on  new  specimens  heated  near  threshold  melting. 

Specimen  1095- IV  (shown  in  Figure  20)  presents  very  interesting 
features  at  higher  magnification  in  the  SF.M.  These  features  can  be 
associated  with  the  iron-carbon  equilibrium  diagram,  a  portion  of  which 
is  shown  as  Figure  22.  In  1095  steel,  the  carbon  content  is  0.95  percent. 
Upon  heating  this  composition  to  about  2450®F  (1343*C),the  phase  boundary 
between  solid  austenite  and  the  liquid  ♦  austenite  region  is  encountered 
at  the  point  circled  in  Figure  22.  This  temperature  thus  marks  the 
appearance  of  the  very  first  liquid.  In  real  metals,  however,  impurities 
tend  to  reside  in  the  grain  boundaries  such  that  the  first  liquid  forms 
there  at  a  temperature  somewhat  below  the  phase  diagram  equilibrium 
temperature.  Taking  the  latter  point  into  consideration  but  insisting  also 
that  several  percent  of  liquid  might  be  necessary  to  reduce  the  metal  to 
a  very  soft  mush  (solid  grains  in  a  1 iquii!  matrix  resembling  wet  cement), 
it  is  reasonable  to  take  about  24SO*F  as  the  effective  temperature  at 
which  material  could  be  sheared  from  the  surface  of  rapidly  heated 
1095  steel  . 


ligure  23  consists  of  "blow-ups"  at  SOOX  and  1000X  of  an  area 
at  the  center  left  of  Figure  20b.  It  seems  unmistakable  that  the  top  of 
each  ridge  on  the  rough  specimen  has  reached  the  mushy  temperature  and  been 
carried  away  such  that  some  material  was  entrained  in  the  flow  but  some  was 
blown  down  the  side  of  the  ridge  where  it  resolidified.  The  mushy  charac¬ 
ter  of  the  material  is  even  more  clear  at  2000X,  Figure  24.  These  specific 
areas,  therefore,  indicate  that  at  least  the  2450®F  level  has  been  reached 
for  this  material . 

For  Test  Runs  25-30, the  STC*  facility  was  operated  at  present 
maximum  conditions  to  evaluate  material's  confarativc  response.  In  these 
tests,  conical  calorimeter  specimens  were  used.  Surface  appearance  of 
specimens  after  test  is  shown  in  the  photographs  of  Figures  25  through  28. 

It  is  clearly  evident  that  at  least  local  areas  of  each  of  the  samples 
have  reached  their  melting  points.  Figure  25  shows  gross  melting  of  the 
naval  brass  sample  which  is  in  agreement  with  the  2b9  milligrams  lost  on 
this  sample.  About  eighty  percent  of  the  surfaces  of  the  1095  and  Cupronickel 
samples  are  indicated  to  have  reached  melting.  Typical  melted  areas  are 
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Figure  26  SURFACE  OF  NAVAL  BRASS  CALORIMETER  SAMPLE  AFTER  TEST  NO.  26 


shown  in  Figures  2t>  and  27.  It  is  notable  that  at  areas  of  the  surface 
where  no  melting  has  taken  place,  the  surface  shows  essentially  no  damage 
(see  Figure  27).  Very  little  total  melting  of  the  4340  sample  was  produced. 
However,  there  is  some  indication  of  uniting  over  about  10%  of  the  surface 
and  this  is  shown  in  Figure  28.  Again,  essentially  no  damage  is  evident 
where  melting  is  absent.  Thus,  any  material  loss  in  these  tests  is 
attributable  to  melting  alone  in  accordance  with  the  goals  of  the  study. 


4 .  Surface  Cracking 

Cal  span  has  noted  in  recent  studies  involving  large  caliber  guns'’ * 
that  gun  steel  sensors  and  test  rings  invariably  show  prominent  surface 
cracks  after  as  few  as  two  or  three  shots,  if  the  heating  is  such  as  to 
drive  the  surface  temperature  to  the  range  covering  about  1900*F  to  perhaps 
2500*1 .  Lower  peak  temperatures  cause  no  apparent  surface  damage  of  any 
kind  while  higher  ones  result  in  erosion  so  rapid  as  to  preclude  crack 
development.  Since  gun  steels  contain  about  0.4  percent  carbon  it  has 
been  thought  in  the  past  that  crack  initiation  was  simply  attributable  to 
the  inevitable  formation  of  a  brittle  hard  martensite  layer  as  the  red-to 
white-hot  bore  surface  layer  was  quenched  by  the  cold  underlying  steel  after 
the  first  shot. 

Close  ex.iminat  ion  of  a  4340  steel  test  ring  after  seven  STC.  "shots" 
in  the  current  testing  reveals  that  cracking  has  tun  been  initiated  despite 
the  fact  that  heat  inputs  and  resultant  peak  temperatures  have  been  those 
known  to  cause  rapid  crack  initiation  and  growth  in  the  same  steel  when  it 
is  exposed  to  gun  gases.  It  is  clear,  therefore,  that  some  chemical  effect 
of  propellant  gases  not  operative  in  the  present  STC  Argon- Ni trogen  mix 
causes  crack  initiation. 

Figures  29-34  serve  to  document  the  above  findings.  Figure  29 
shows  the  complete  absence  of  cracks  {even  at  100X  magnification)  in  a  4340 
steel  STC.  ring  after  seven  tests,  all  of  which  yielded  peak  surface  tempera¬ 
tures  m  the  1900*1  to  2500*F  range.  The  hard  martensite  layer  would  be 
at  least  as  well  formed  as  that  of  Figure  30b,  and  there  was  virtual!)  no 
erosion  of  the  ring  surface,  i.e.,  conditions  would  have  been  ideal  for 
crack  initiation  if  the  hot  surface  had  been  exposed  to  propellant  gases. 

Vers  strong  additional  support  for  the  above  finding  is  found  in 
the  fact  that  the  STG  test  section  entrance  throat  of  4340  steel  shows  no 


3.  FA.  Vassallo,  "An  Evaluation  of  Heat  Transfer  and  Erosion  in  the  155mm 
M 1 8 5  Cannon."  Cal  span  Technical  Report  No.  VL-5337-D-1,  July  19'b. 

1.  F.A.  Vassallo,  K.R.  Brown,  "Heat  Transfer  and  Erosion  in  the  Arcs  '5mm 

High  Velocity  Cannon  -  Vol .  II,"  Calspan  Technical  Report  No.  VL-5873-0-1 
October  19". 
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Figure  26  SURFACE  OF  1095  CALORIMETER  SAMPLE  AFTER  TEST  NO.  29 


(a)  4340  STEEL  SURFACE  CROSSSECTION  AFTER  SEVERAL  EXCURSIONS  TO  220OJ400°F 
IN  PROPELLANT  GASES  (TtMM  GUN) 


(bl  4340  STEEL  SURFACE  CROSS  SECTION  AFTER  ONE  EXCURSION  TO  2200-2400°F 
IN  STO  ARGON  NITROGEN 


Fifur*  30  HARO  MARTENSITE  LAYERS  IN  4340  STEEL  RINGS  SHOWN  IN  POLISHING 
RELIEF  NO  ETCH  (130X) 


cracking  after  the  entire  test  matrix.  The  straight  portion  of  the  throat 
received  the  same  heating  as  do  the  test  rings. 

Crack  development  in  4540  rings  and  stud  sensors  fired  in  various 
guns  is  illustrated  in  Figures  31-34.  The  presence  of  non-axial  cracks 
in  rings  and  the  presence  of  cracking  in  stud  sensors  (Figure  34)  and 
sensor  holders  (not  shown)  proves  that  it  is  not  the  increase  in  bore 
surface  "hoop"  stress  due  to  gas  pressure  that  causes  cracks  to  form  in 
guns  hut  not  in  the  present  STG  testing.  Studs  experience  no  hoop  stress. 

It  is  probable  that  stresses  due  to  pressure  do  augment  the  formation  of 
a  & l a  1  cracks,  but  it  is  clear  that  the  basic  cause  of  crack  initiation  is 
the  surface  tensile  stress  which  develops  as  the  white-hot  surface  layer 
cools  from  peak  temperature.  What  the  current  STG  results  show  is  that 
the  additional  necessary  condition  for  crack  initiation  is  exposure  to 
reactive  propellant  gases  rather  than  to  Argon -Nitrogen  mixture. 

It  can  be  theorized  that  the  operative  chemical  effect  of  propellant 
gases  m  crack  initiation  is  the  embrittlement  of  a  very  thin  surface  layer 
due  to  the  diffusion  into  this  layer  of  one  or  more  chemical  species. 

Taking  reaction  and  diffusion  rates  into  consideration,  hydrogen,  ox.vgen, 
nitrogen,  and  carbon  arc  the  possible  candidates.  Oxygen  ions  are  too 
large  to  diffuse  rapidly  in  steel,  but  it  is  conceivable  that  a  surface 
oxide  layer  could  provide  oicroscopic-scale  local  stress  concentrations 
and  that  microscopic  cracks  thu*  started  could  propagate  into  the 
"hot- short"  hard  martensite  layer.  Nitrogen  is  currently  present  in  the 
STG  gas  mixture  with  no  observed  cracking.  Hence,  hydrogen  and  carbon  are 
the  ao-t  likely  surface  cracking  initiators.  Future  testing  in  the  STG 
using  reactive  gas  mixtures  will  no  doubt  lead  to  a  better  understanding 
of  surface  crack  phenomena,  but  it  is  clear  from  present  results  that  bore 
heating  alone  is  insufficient  to  produce  bore  surface  cracking. 
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Figure  31  4340  RING  SURFACE  AFTER  19  SHOTS  IN  75  MM  GUN  (20X,  SEM) 


Figure  32  4340  RING  SURFACE  AFTER  TEN  SHOTS  IN  60  MM  GUN  (REPLICA.  40X.  SEM) 


CUMPim.R  ANALYSIS  ANU  TEMPI; RATURI./M1  LT 1  N(I  HI  TERMINATIONS 


V  . 


1 .  Convect 1 vc  Heating  Code 

Some  effort  in  this  study  was  devoted  to  the  formulation  and 
solution  of  working  relationships  which  couple  thermal  data  with  specimen 
surface  response  observations  such  that  a  basis  is  formed  for  improved 
understanding  of  factors  affecting  melting  erosion.  A  basic  goal  of  the 
analysis  was  to  establish  a  simple  computational  method  and  computer  code 
by  which  the  approximate  surface  temperature  histories  of  test  samples 
could  be  computed  for  measured  heating  and  interior  ballistic  conditions. 
Hcmonst rat  ion  of  the  ability  of  the  computational  method  to  predict  melting 
conditions  where  melting  is  known  to  be  present  is  necessary  to  establish 
the  credibility  to  the  method  as  a  means  of  predicting  bore  surface  tempera¬ 
ture  for  given  bore  heating  conditions.  Additionally,  correct  order  of 
magnitude  estimation  of  the  amount  of  melting  expected  under  specific 
ballistic  conditions  would  permit  better  understanding  of  the  effects  of 
changes  in  bore  heating  on  tube  erosion. 

In  any  particular  test  in  the  Shock  Tube  f»un  (or  any  other 
instrumented  test  gun), chamber  pressure  history,  projectile  muzzle  velocity, 
and  total  heat  input  to  the  specimens  or  bore  can  be  measured.  Chamber 
pressure  is  obtained  using  piezoelectric  pressure  transducers  recorded  on 
tape,  muzzle  velocity  is  measured  via  velocity  screens,  and  total  heat 
input  is  computed  from  the  output  of  thermocouples  embedded  in  the  speci¬ 
mens  as  discussed  in  Section  HI.  furthermore,  projectile  interior  ballis¬ 
tics  can  readily  be  estimated  from  the  known  pressure  history  and  muzzle 
velocity.  Hence,  the  essential  factors  governing  the  bore  heat  transfer 
coefficient  and  bore  heating  rates  are  known  with  sufficient  accuracy  to 
permit  their  approximat ion. 

Bore  heating  rate  is  determined  by  the  relation 


Note  that  q.  h,  TR  and  arc  all  functions  of  time  and  these  functions  must 
be  determined  by  analysis. 
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The  total  bore  heat  input  is  obtained  by  an  integration  of 
Lquat ion  1 5  over  entire  heating  time.  Thus 
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where  t  is  the  time  at  which  h(t)*  0.  Because  the  actual  total  heat  is 
known  from  the  measured  data,  liquation  It,  provides  one  fundamental  relation¬ 
ship  for  determination  of  h(t). 

In  the  Shock  Tube  lain,  gas  pressure  is  generated  by  adiabatic 
compression  of  a  known  test  gas.  Therefore,  a  direct  relationship  exists 
between  gas  pressure  and  temperature.  This  is 
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in  which  Pgft)  is  the  measured  chamber  pressure  -  psi 

Pg  is  the  initial  pressure  in  the  driven  tube  -  psi 

Tg()  is  the  initial  temperature  in  the  driven  tube  -  °R 

>  is  the  ratio  of  specific  heats  for  the  test  gas 


Using  Equation  1'  and  the  recorded  pressure  history,  the  gas  t emperature 
history  is  directlv  established.* 

Traditional  analytical  solutions  for  determination  of  convection 
coefficient  in  tube  flow  general 1>  result  in  a  non-dimensional  relationship 
of  the  form’’ 


Nu  •  B(Re)n(Pr)“ 


(18) 


where  the  Nussclt  number,  Nu,  is  given  by 
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(19) 


•For  an  actual  gun  the  propellant  gas  temperature  may  be  estimated  by 
other  methods.  For  example  see  that  of  Reference  2. 

5.  Max  .Jakob,  "Heat  Transfer,"  Vol .  1,  pp.  476-482,  John  Wiley  6  Sons,  Inc 
Fourth  Printing,  19SS. 


and  the  Reynolds  and  Prandt  1  numbers  Riven  by 


Re 


Pr 


with  n  and  m  fixed  exponents.  In  these  relations 


k  «  thermal  conductivity  of  the  test  gas 
.  ■  density  of  the  test  gas 

t  «  viscosity  of  the  test  gas 
c  •  specific  heat  of  the  test  gas 
\  ■  velocity  of  the  test  gas 
l.  •  a  length  dimension 


(20) 


In  the  interest  of  simplicity,  the  test  gas  density  is  given  by 


K 


Pit) 

RVY> 


in  which  R  ■  the  gas  constant. 


(21  ) 


Combining  iqu.it  ions  11^19,  and  21  we  get: 


observe  that  the  first  four  groups  on  the  right  of  equation  22  involve 
essentially  invariant  terms.  These  mnv  therefore  be  lumped  into  a  single 

"constant"  with  the  result 
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hith  values  of  gas  velocity,  V(t),  pressure  PRvt),  and  temperature 
Tg  t)  given  for  any  test  run  in  addition  to  a  measured  total  input,  the 
value  of  the  constant,  8,  may  be  determined  for  any  selected  value  of  n. 

The  computational  method  ut lilted  in  the  convection  code  involves  an  initial 
selection  of  8  based  upon  the  given  total  heat  input  and  the  following 
relation  derived  by  combining  liquations  16  and  23 
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Here,  for  convenience,  T  (t)  has  been  taken  as  1500®R  for  this  initial 
determination  of  g.  As  will  be  evident  by  the  following  discussion, 
almost  an>  realistic  value  for  T  could  have  been  chosen  with  little 
change  in  results.  In  the  computer,  the  actual  integration  extends  over 
the  period  for  which  pressure  data  are  given  and  this  should  cover  the 
entire  pressure  history  if  possible. 


Once  this  initial  value  of  g  has  been  determined,  the  initial 
heat  transfer  coefficient  historv  can  be  found  by  direct  use  of  liquation  23. 
At  this  |»oint.  these  values  of  hg  and  Tg  now  permit  a  computat  ion  of 
bore  temperatures  and  heating  using  a  conventional  finite  difference  heat 
conduction  subroutine.  A  basic  result  of  the  conduction  subroutine  is 
a  computed  value  of  total  heat  input  for  these  initial  values  of  hg  and 
Tg  as  applied  to  the  bore  surface  which  is  taken  to  have  the  same  ther- 
m..l  properties  as  the  material  on  which  the  total  heat  input  was  measured. 
The  calculated  total  heat  input,  Qpvi.-  should  agree  with  that  measured 
within  some  acceptable  accuracy.  If  it  does  not,  an  adjusted  value  of  g 
is  determined  from 


(25) 


This  new  value  of  r  then  results  in  a  second  heat  transfer  coefficient 
history  from  liquation  23  and  the  conduction  calculation  is  repeated. 

This  iteration  continues  until  the  calculated  heat  input,  Op*) ,  agrees 
with  the  known,  Qi\,  within  a  specified  accuracy.  Once  the  accuracy 
criterion  is  art,  the  corresponding  values  of  Pglt),  hg(t),  Tg(t),  T*(t), 
q{t),  and  Q ( t )  are  presented  as  both  tabulated  and  plotted  functions  of 
time. 


The  computer  code  is  further  generalized  in  that  it  permits 
computation  of  temperature  and  bore  heating  histories  for  other  selected 
bore  materials  subjected  to  the  same  heating  parameters,  hg(t)  and  Tg(t). 
These  are  also  presented  as  both  tabulated  and  plotted  functions  of  time. 

The  computer  code  listing  which  consists  of  the  MAIN,  S1.AB,  and 
VRRVi  subroutines  is  presented  in  Appendix  I  of  this  report. 

_  Reactive  Heating 

The  original  convection  code  was  further  expanded  to  account 
for  possible  additional  heating  due  to  diffusion  controlled  surface 
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reaction-'  and  heat  absorption  due  to  melting.  When  diffusion  controlled 
surface  reactions  are  present  there  is  an  added  heat  input  to  the  surface 
described  in  simplest  terms  by  the  relation 


q  •  i  (I  (-6) 

r  'r 

where  m  is  the  rate  of  reactant  flow  to  the  surface  and  is  the  heat 
release  per  unit  mass  of  reactant.  In  the  case  of  simple  mass  intrusion 
to  the  surface,  the  rate  of  reactant  flow,  m,  is  approximated  by 
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in  which 
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It  ■  the  coefficient  of  mutual  diffusivity 
a  m  thermal  diffusivity  of  the  gas 

Ihe  ratio  D/a  is  termed  the  lewis  number  and  is  available  for  many 
g«s  combinations.  The  factor  AC/w  is  the  mass  fraction  of  the  reactant 
in  the  Ras  mix.  As  before  ( 1 1  is  the  heat  transfer  coefficient.  Thus 
usinR  equations  Jo  and  27  we  ma>  obtain  a  measure  of  the  reaction  heating. 
This  is  added  to  that  of  pure  convection  with  the  result 
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\s  a  general  rule  such  diffusion  controlled  reactions  occur 
once  the  surface  is  above  some  temperature  threshold,  say  Tr.  Above 
this  temperature  the  materials  natural  resistance  to  reaction  is  overcome. 
Hence,  we  may  say  that  below  Tk  *  Tr,  q  ■  llCon  and  above  Tw  ■  Tr , 
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These  relations  are  included  within  the  convection  code  for 
possible  later  application  to  reactive  gas  conditions. 


Surface  Melting 

Once  the  surface  reaches  its  melting  point  (solidus  temperature), 
there  begins  material  loss  controlled  by  the  excess  of  surface  heating 
over  that  of  conduction.  Therefore,  above  Tw  *  Tm 
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in  which 


and 


is  the  material  loss  rate 


dT 

d\ 


is  the  thermal  gradient  at  the  bore  surface. 


In  the  computer,  t emper.it ure  response  is  determined  using 
conventional  finite  difference  methods.  Con sequent ly ,  the  heated  body 
is  Nubdivided  into  a  number  of  elements  of  finite  thickness.  Net  heat 
transferred  to  each  element  is  stored  within  the  element  and  indicated 
in  terms  of  its  temperature  rise.  During  melting,  because  no  net 
temperature  rise  occurs,  a  portion,  AX,  of  the  clement  is  removed  in  each 
time  interval  according  to  Equation  50  above.  As  material  is  removed, 
the  conduction  path  lengths  are  shortened  to  more  correctly  represent 
the  conduction  effects.  The  program  logic  is  complicated  by  the  need  to 
produce  a  temperature  arrest  in  each  element  at  the  melting  point  and 
to  maintain  an  accounting  of  all  heat  transfer  within  the  bod... 

•\  listing  of  the  entire  melting  code  is  given  in  Appendix  II 
of  this  report.  The  listing  consists  of-. 


1  . 
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5. 
4  . 
S. 
b. 


MAIN  -  Provides  input /out (nit  instructions  and  logic. 

SI.AR  -  Determines  heat  transfer  coefficients. 

MELTED  -  Establishes  amount  of  melt. 

ARRAYS  -  Interpolates  tabular  values. 

TMT1  ST  -  fstablishes  acceptable  time  interval. 

GRAPH  -  Provides  tabular  output  and  normal l zes  computed  data 
for  the  plotter. 

VEL0C7  -  Approximates  projectile  interior  ballistics  based 
upon  pressure  and  mu::lc  velocity. 


ij _  Bore  Temperature  Comp  it  at  ions 

As  illustrations  of  the  performance  and  operation  of  the  two 
computer  codes,  the  heating  parameters  h_(t)  and  Tg(t)  and  corresponding 
sample  temperatures  were  computed  for  several  Shock  Tube  Gun  tests. 
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1  he  convective  healing  (no  melt)  code  was  exercised  using  data 
derived  m  STD  Kun  Number  7.  Rased  upon  the  measured  pressure  history 
and  heating.  Figures  35  through  57  illustrate  the  computed  heating  para¬ 
meters  and  bore  surface  temperature  histories  for  each  specimen  in  that 
run.  As  may  he  observed,  the  naval  brass  is  above  its  melting  point  at 
the  surface  which  is  in  essential  agreement  with  the  observed  melting  on 
that  sample .  The  Cupro- Nicko 1  in  the  same  test  is  computed  to  be  close 
to  melting  at  the  surface  which  again  agrees  with  evidence  of  observed 
lov.il  surface  melting  on  that  specimen.  Finally,  the  surface  temperature 
of  the  Yascomax  is  computed  to  he  below  its  melting  temperature  which  is 
consistent  with  the  evidence  which  shows  no  surface  melting  of  this  specimen 

\  second  illustration  of  the  appl icabi 1 l ty  of  the  code  to 
i  1 1  v s  i  s  of  test  data  is  given  In  reference  to  Table  '  Here,  the 
computed  surface  temperature  responses  for  all  samples  are  compared  for 
lest  Runs  13.  ,  J8,  J'.>  and  30  which  were  at  csscntiall)  the  same 

ballistic  conditions.  The  computed  maximum  temperatures  are  further 
compared  with  the  corresponding  nrltmg  points  and  the  actual  observed 
surface  effects.  As  shown, the  convection  code  indicates  a  melting 
condition  where  melting  was  actually  observed.  Furthermore ,  the  actual 
.irount  of  melting  observed  is  basically  in  agreement  with  the  relative 
excess  ot  computed  bore  surface  t emperat ure  over  that  of  the  melting  point 

In  comparing  the  melting  performance  of  the  various  materials 
listed  in  Fable  '  with  their  orders  of  merit  as  given  in  Table  T 
earlier,  it  is  found  that  the  low  melting  point  brass  is  considerably 
>ut  » t  proper  order  \  probable  reason  for  this  is  the  failure  of 
the  ordor-of  merit  relation  of  Vi t ion  III  to  properly  account  for 
change  >f  heat  rate  with  surface  t emperat ure  rise  Hence,  insufficient 
-eight  is  given  to  the  effect  of  melting  temperature  A  better  order 
of  -vent  r<l.it  i  nship  for  the  situation  involving  convective  heating  is 

,*.T  -TT. 
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-r.cre  i[|f  is  an  effective  temperature  of  the  gas.  This  is  unknown  but 
for  •  v •  n i er ■  i  -vav  hr  taken  as  that  temperature  at  which  no  net  heat 
in;-  . t  t  >  the  wall  occurs.  This  is 
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i  'r  the  conditions  of  the  above  test  series  T|;p  is  computed  as  ,S400*F. 
ihc  new  irder  -'f  r.crit  ranking  based  upon  filiation  31  is  shown  in  Tahir  s 
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F^ur*  36  HG  PG  AND  TG  FOR  SHOCK  TUBE  GUN  STG  NO.  7 


T TMf  --  TI*F  C SEC .  I  fX10‘‘  ) 

F^iti  37  HEAT  INPUTS  VS  TIME 


tabu:  h. 


ORtHR-OF-MlRI!  FOR  CONVICTION  CONDITIONS 


Material 

AT  Acp 

it.  r  1 1  ,  ® 

Actual  Ranking 
from  Table  7 

»TliFF  *  Tm) 

Copper 

60 

1 

1  ron 

4  2 

•> 

4  340 

54 

3 

Cu-Ni 

29 

4 

Naval 

b 

109S 

| 

5 

Using  liquation  51  ibove  we  note  from  Table  h,  naval  brass  is 
such  more  correctlv  placed  than  using  the  earlier  relationship  of  Section  III. 
liquation  '1  is  therefore  recommended  for  use  in  selection  of  materials 
for  service  in  severe  convective  heating  environments  where  dimensional 
stahi lit)  is  a  major  consideration. 

The  above  computer  results  were  obtained  using  a  value  of  the 
ci(ioneiit  .  n.  of  t'.S  which  corresponds  to  that  usual  1>  taken  for 
turbulent  pipe  flow.  One  night  question  the  sensitivity  of  the  temperature 
comput  at  Ions  to  selection  of  the  exponent  .  Using  the  convention  code, 
results  show  that  computed  maximum  U^re  tcinoeraturcs  are  verv  insensitive 
to  the  exponent .  n.  This  is  shown  in  Table  i  where  a  range  of  exponent 
from  1.6  to  1.0  produces  onlv  a  5  percent  change  in  maximum  bore  tempera¬ 
ture  Hence,  where  bore  temperatures  are  concerned,  great  latitude  in 
estimation  of  the  exponent  is  allowed. 


5.  Meat  Input  Comparisons 

hhen  sub’ected  to  the  sane  interior  ballistic  condi t ions, the 
bore  surface  temperature  response  of  various  materials  has  been  shown  above 
to  be  significantly  different  The  materials  possessing  the  greater 
conductivities  and  heat  capacities,  of  course,  exhibit  the  lower  bore 
surface  temperatures.  As  a  direct  consequence  of  these  differences  in  bore 
surface  temperatures,  there  are  inverse  differences  in  absorbed  heat.  This 
is  shown  in  Table  7  above  where  the  copper  sample  is  observed  to  have 
absorbed  b0  percent  more  total  heat  than  that  of  the  109S  steel  sample 
when  subiecteJ  to  essentially  the  same  conditions.  In  general,  the  amount 
of  absorbed  heat  increases  according  to  the  value  Ac*  for  the  material. 
Figure  38  demonstrates  this  for  the  several  materials  of  the  test  program 
with  heat  input  data  obtained  from  Runs  15,  2b,  27,  28,  29.  and  30. 

Because  these  runs  were  at  essentially  the  same  ballistic  conditions, 
convection  coefficients  should  have  been  about  the  same.  Therefore,  a 


I  Mil  ]  0!  I.XPOM.YI  ]0R  COMUTIOSS  01  STl.  RUN  SO. 


•  IDS  Btu/lt*  (on  Brass) 

Maximum  Bore  Temperatures 
]  aponent ,  n  Sava]  Brass  u  N] 


HEAT  INPUT 


| 


Figure  38  EFFECT  OF  THE  PRODUCT  </KCpON  TOTAL  MEAT  INPUT  AT  CONSTANT 
BALLISTIC  CONDITIONS 


Jo term i  rut  ion  of  convection  coefficient  for  any  one  should  he  applicable 
to  the  others.  \  computed  variation  in  heat  input  as  a  function  of  .Vc, 
for  the  test  samples  is  also  shown  in  figure  3 8.  For  this  computation 
convection  coefficients  and  gas  temperatures  were  based  upon  the  results 
of  the  copper  test  as  a  standard.  One  may  observe  from  Figure  .38  that 
the  computed  results  show  the  proper  trend;  however,  the  heat  input 
magnitudes  are  too  great.  At  the  present  writing  no  clear  reason  for 
this  discrepancy  has  been  found,  but  the  data  suggest  that  the  effective 
temperature  of  the  gas  is  significantly  below  that  computed  for  reversible 
adiabatic  compression  and  used  in  the  computations.  The  limited  scope 
of  the  present  study  does  not  permit  detailed  examination  of  this  tempera¬ 
ture  behavior.  It  is  however,  believed  to  be  an  important  area  for 
future  work  in  that  it  has  direct  bearing  on  the  ability  of  a  gas  stream 
to  melt  refractors  metals  such  as  chromium  and  tantalum. 

For  given  total  heating  and  ballistic  conditions,  it  appears 
t nut  the  code  adcquatcl)  defines  heat  transfer  coefficient  histories  and 
resulting  bore  surface  temperature  histories.  As  presently  written,  it 
therefore  provides  a  basic  tool  for  analysis  of  measured  Shock  Tube  Gun 
data.  Kith  later  refinement,  it  ma>  provide  a  tool  for  determination 
of  thi  severit)  of  erosion  conditions  in  actual  guns  for  which  similar 
test  data  are  available. 
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The  melting  code  was  used  to  determine  the  amount  of  melt 
expected  for  those  samples  which  exhibited  material  loss  by  melting  as 
described  in  Table  '  above.  Computed  amounts  of  loss  arc  shown  in  Table 
l<t  along  with  the  losses  actually  measured.  For  this  comparison,  the 
weight  losses  in  milligrams  actually  measured  were  converted  to  average 
radial  enlargement  in  microinches. 

The  agreement  between  measured  and  computed  losses,  while 
appearing  poor,  is  actually  ven  good  considering  the  simplicilv  of  the 
code  and  the  precision  of  the  inputs.  All  computed  losses  of  Table  10 
were  based  upon  full  absorption  of  latent  heat  of  fusion  at  the  solidus 
temperature,  although,  all  of  the  materials  tested  melt  over  a  range  in 
temperature  through  which  the  entire  heat  of  fusion  is  absorbed. 

It  is  beyond  The  scope  of  the  present  study  to  determine  and 
model  the  entire  fusion  and  melt  removal  process  and  this  would  need  to 
be  done  to  establish  loss  with  precision.  For  example,  if  some  partially 
melted  material  is  removed  prior  to  complete  change  of  state,  the  effective 
latent  heat  is  lowered  and  the  amount  of  material  loss  is  increased  by 
an  amount  nearly  proportionate  with  the  relative  effective  latent  heat. 

Vs  a  demonstration  of  this  fact,  the  predicted  melt  for  the  brass  specimen 
in  Hun  \o.  2b  was  recomputed  using  a  latent  heat  value  one-half  of  that 
for  complete  molting.  The  amount  of  loss  was  increased  to  S70  microinches, 
or  nearlv  twice  that  of  Table  10.  At  very  high  gas  shear  stress  such  as 
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that  present  in  the  STG  it  is  possible,  indeed  likely,  that  material  is 
removed  before  complete  melting  and,  therefore,  greater  loss  is  expected 
than  that  predicted  by  the  computer  code  using  full  latent  heat  value. 

\  second  and  probably  more  im|K>rtant  consideration  is  the 
precision  of  the  heat  input  data.  Small  error  in  this  value  near  the 
melting  threshold  can  have  large  influence  on  the  computed  loss.  For 
illustration,  material  loss  for  the  brass  sample  was  again  recomputed 
using  one-half  the  latent  heat,  hut  with  a  5  percent  increase  in  the 
heat  input.  The  computed  loss  increased  nearly  threefold  to  1433  micro- 
mches  compared  to  the  5"0  microinchcs  computed  earlier. 

Comparison  of  the  losses  for  tests  28  and  31  further  demonstrate 
the  imjxirtance  of  heating.  For  these,  the  major  difference  was  the 
input  heat  which  increased  by  only  4  percent,  hut  resulted  in  a  fivefold 
increase  m  computed  material  loss. 

Mien  one  considers  the  large  changes  in  loss  which  accompany 
these  rather  minor  changes  m  input,  the  agreement  between  the  computed 
and  measured  losses  is  remarkably  good.  Thus,  one  has  great  confidence 
both  m  the  accuracy  of  the  measured  heating  data  and  in  the  ability  of 
the  computer  code  to  predict  loss  for  a  given  heat  input. 

Significance  of  Findings 

hith  development  and  validation  o.  the  melting  code,  it  is  of 
interest  to  apply  the  code  to  a  real  large  caliber  gun  situation  in 
order  to  determine  its  degree  of  approach  to  bore  surface  melting,  lor 
this,  ballistic  conditions  within  the  153mm  M185  cannon  firing  the 
\M2i>ll.J  charge  here  selected  as  these  ire  known  and  have  already  been 
doc  ament  cd . 

Consequently,  bore  surface  temperature  determinations  were  made 
for  this  cannon  with  increase  in  the  bore  surface  beat  input  until  bore 
surface  melting  was  indicated.  The  resulting  maximum  bore  temperatures 
are  as  shown  in  Figure  39  .  The  results  indicate  melting  to  be  achieved 
at  a  bore  heat  input  level  of  about  160  Rtu/ft-.  In  actual  fact, 
heat  input  measurements  for  this  gun/charge  combination  were  found  to  show 
less  than  120  Btu/ft*  (sec  pg.  19.  Reference  3  ).  At  this  hcatin* 
level,  relative!)  low  maximum  bore  temperatures  arc  predicted  (<190()oF). 
There  is,  however,  measurable  erosion  in  the  M185  cannon  when  firing  the 
VM201E2  charge.  Hence,  some  surface  reaction  effects  are  implied.  The 
amount  of  type  of  reactions  present  must  await  the  results  of  future 
Shock  Tube  Cain  testing,  but  it  appears  that  substantial  chemical  effect 
must  be  present  in  this  cannon  if  the  results  of  Figure  39  arc  correct. 
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Ttgur*  39  EFFECT  OF  HEAT  INPUT  ON  COMPUTED  MAXIMUM  BORE  TEMPERATURE 
IN  Y55  MM  GUN  (XM201  E2  BALLISTIC  CONDITIONS) 


CONCLUSIONS 


VI  . 

Shock.  Tube  Cun  heating  conditions  required  to  produce  pure  melting  of 
steel  have  been  determined. 

Measurement  techniques,  for  use  with  the  Shock  Tube  Gun,  which  permit 
accurate  determination  of  material  loss  and  heating  have  been  established. 

A  computer  code  by  which  ballistic  and  gross  heating  measurements 
may  be  normal i:ed  to  find  bore  surface  temperature  histories  and 
melting  rates  has  been  formulated,  tested,  and  found  to  agree  with 
measured  observations. 

Preliminary  analysis  through  application  of  the  computer  code  indicates 
chemical  reactions  to  play  a  significant  part  in  erosion  of  some 
large  caliber  guns. 

The  STG  test  results  indicate  that  initiation  of  bore  surface  cracking 
requires  exposure  to  a  reactive  gas  rather  than  to  an  Argon-Nitrogen 
mixture.  Heating  alone  appears  insufficient  to  produce  surface  cracking. 
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•«  l .  RX l .Tl 1 2 . I IMi ITU/f  T»»2  i/IMO  > 

300  f  0*MA  T  i  IMO.tll  4  .  7  1  6  .  (  1  1  4.TJ2.fR.2.T4R.f7.2.Rl2X.f7.2).TlU.P7.2l 
400  ORMA  T 1  1  MO . 1 2MCOMS  TAMT ,  A-.tl!  4/IM  , 20MTOTAL  Ml  AT  IMPOT.  0-.H.2. 

•  I  IMlRTu/f  P'JIMM  .  34MMAa  1MUM  Sl'Rf  ACt  TINPtRATURt.  THAR- .  P*  .  2 . 3MI  R 

•  t  I 

S-'O  !  0*  MAT  I  1  MO  .R4MTmJ  Muw»(R  Of  OAT*  PTS.RfO  0  US1MC  TMt  SMALL!  ST  VAL 

•ot  Of  OT  IS  .(12.5.23m  Tnf  WALUt  Of  0T  RtlUC  .(125) 

R00  fORMATi  1M0.  1  IRMTMf  MAXIMUM  PtRMISSARLt  MUMRf  R  Of  DATA  PT$.  ALLOWIO 

•  »*  This  procram  s  SlMfMSlOMAv  ARRA»S  ARC  700.  TMfRtfORt  200  WILL/ 

•l*  .Sl«ll  TMt  • 1 0  0  MUMRIR  Of  OATA  PTS.  TMt  VAl  Ut  Of  DT  WILL  •  (  . 

*t 12  5 . 12M  R»  Dt  f AULT  .  I 

730  »  ORMAT .  j  m l  . 20A4  > 

too  PORMATl 1M0. 32M1MTR1MSIC  PROPIRT1IS  0«  NAT(R|AL/1m  . 7M* • . P 7 . 2 . 1 2M  I 
•Tu/f T-MR-R/JM  .7MC-.P7  2.7m  |Tu/LB/|m  , 4mR0m. . » 7 . ? . |M  Ll/PT**]! 
1000  f  ORMATi  15. St  15  R./.tlS  I) 

Rt  Tom 
I  MD 


o  o  r>  o  o 


SJ9R0UT 1  AC  ARRAYS 


SuRROUTIAC  ARRAYS  Will  ( 1 TMI R  CCAIRATt  VAIUIS  Of  Tt  MR  .  . R At SS .  . VI l OC I  TV 
AND  MC  RY  MMCAR  I  ATI  AROl  AT  (ON  f  ROM  TAIUIAR  IARUT  OATA  OR  IV 
TC • TCO • I R/RO I • • ( CAMA -  1 /CAMA  I . 

C 

0 IMt ASIOA  TllS0t.TCHR|l200.S0).RR|SSl200  I  .TIMRCI  200  )  .  VC  l  I  200  » 

• . M I  200  > , T | Ml  I  200  I  , R  VT | V  R i 200  I , TC I  SO  )  , VC  I  SO  )  . RC I  SO » .TMCl SO  > . TMV( SO ) 

• . TMR( SO  )  . SICHAOl  200i. *Y2i20t.MC ISO*. TMHI SO  ) 

*IAl  A 

COMMON /SH*Tul/T 1 .T{MRt.RRtSS.T[MRC.VlL.M.TlMI.RVT[VR.TC.*C.RC. 

•THv.  ,  TMV  .  TNR  .  AT  .  NV  .  NR  .  *Y2  .  S  I  CHAO.  T  MC  . MC . AM .  TMH 
COMMON /RARRI  l /TIMlf  .  C  .  AOU .  01  R  T  H  .  A  .  *  .  t  «  R  .  T  SO  .  RO  .  01 1  .CAMA.  I  AT  A  VI 
• .01  A .OCAl  . t IROR . THAI .  1  ,0T  , A . ARUM 
t> I ( MCI  1  )  . 10  0 .  )  . AAD . I  AH  10.  1  )  I  CO  TO  9 

J*2 

ACuTMt . -DT 

90  1  M-l  .  I 

ACuTMt -ACuTMt .OT 

If ( ACUTMI  . CT . Tnhi J  )  t  J»J-l 

7  Hi  M *»MCl J  -  1  *  •!  I  MCI J  l-HCl J  -  I  I  )/(  TMHI  J I  - TMHI J  -  |  III* 

•  '  ACUTMI  -TMMt  J-  l  >  I 

9  COATIAUl 

1  f  I  I  MCI  I  t . Al  . 0 .  * . AAO . I  Ah  AC  .  1  )  *  CO  TO  I 

J«2 

ACuTMt  *-0T 

OO  I  M.  I  .  I 

»V jTMI -ACuTMt -or 

1 f  AC  jTM|  . CT . TMVI  J  >  )  J« J-  1 

1  v 1 1 1 M  )«vct  J- 1  > • C  I  VCl  J 1-VCl J- 1  11/1  TMVI  J I  - TMVI J- I  1  »)• 

•  I  ACUTh(  T*»VI  J  I  I  * 

j«: 

ACuTMt  *-0T 
20  2  M. 1 . 1 

AC  *"f -ACv  TMJ  -dt 

tl  i  ACUTMI  . CT .  TM»  J  l  I  J»J«1 

2  »Rt SSi  M i-RCI J- 1 *•! I RCl J  I  RCI J- I  t >/t  TMRl  J l-TMRI J- l M »• 

•  l  ACUTMt  -  THAI  J-  1  *  t 

1 f i AT  cot*  CO  TO  4 
R  <  *2 

AC  |TM|  •  -  OT 
20  J  m. | . J 
a: vTN£ -AC. tm{ -OT 

.1  ac  j  T mi  ct . tmci j  n  j • j • : 

1  ’£M»CI M  I -TCI J- I  t •!  I  TCI J  I  -  TCI J- 1  )  ) /(  TMCI  J *  - TMC 1  J -  1  I  •*• 

•  AC JTmj  -MCI J- 1  *  I 
CO  TO  S 

4  CRCV-I  CAMA-  |  .  I/CAHA 
OO  t  -• I . I 

6  *(NRCl Ml. TCI  I  >• I RRfSSiMi/ROl#,CRCV 

5  *  f  TuR  A 

£  AO 


?«)• 
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API'I.MUV  II 
•U  LI  INC  COM  LISI  INC, 

HA  1  N 

c  i  ist  or  i nr ut  variables 

C  NT-NuMBCR  or  TEMPERATURES  TO  BE  READ  IN  AS  A  TABLE. 

C  NVNUMBER  Or  VELOCITY  VALUES  TO  BE  READ  IN  AS  A  TABLE. 

C  NR- NUMBER  Or  PRESSURE  VALUES  TO  BE  »EA0  IN  AS  A  TABLE, 

c  NH. NUMBER  or  mTC  VALUES  to  BE  read  IN  AS  A  TABLE.  If  MTC  S  ARE  TO 
C  BE  CALCULATED  E ROM  M I  |  I - A • t P 1  I  )  • V (  I  >  /  TG <  I  )  )  •  • E « P  .  NM • 1  . MG <  1  !  *  0 .  AND  TMM<l)-0. 

C  If  MTC  VALUES  ARE  TO  BE  READ  IN  AS  A  T Aft l E  .  NV • I  . VG <  1  1  • 0 .  AND  TMV<1>>0. 

C  N-NUHBER  Of  GRID  POINTS 

c  intrvl-print  interval  of  Output  <ic.  if  output  is  every  tenth 
C  CALCULATED  VAlUE  IHTRVL-IOI 

C  VM  .  MUZZLE  VELOCITY 
C  AREA  •  BASE  ARtA  Of  PROJECTILE 
C  PMASS  >  MASS  Of  PROJECTILE 
c  st  •  tube  length 

c  TCI  ARRAY  )«GAS  TEMPERATURES  IN  INPUT  TABLE  (DEGREES  R).  If  GAS  TEMPS  ARE 
C  NOT  TO  BE  READ  IN  B  •  T  CALCULATED  PROM  TC-TCO.P  PC  • • i GAMA -  l / GAMA  >  .  NT • 1 
C  AND  TCI  I  >•  I N I  T I Ai  GAS  TEMP  CORRECTED  fOR  BOUNDARY  LAYER  EfffCTS. 

C  TMCI ARRAY  (-CORRESPONDING  GAS  TEMPERATURE  TIMES  (SEC>.  If  NT- 1  . TMGl  1  1*0 . 

C  VCI ARRAY (.VELOCITIES  IN  INPU*  ’ABLE  If*  SEC 
C  TMV( ARRAY  cCORRE SPOND1NG  VELOCITY  T|MLS  <  S  E  C 

C  PCI  ARRAY  I-RRE SSuRE  VALUES  IN  INRUT  TABLE  IPS!! 

C  TMP. ARRAY  ■  .COR»E SPONO I NG  P»ESSUPE  T I  ME S  ISEC 

C  “C  A  a  R  A  Y  i.h£AT  TRANS fER  COEff  IN  INPUT  ’APlES  IB’  f T  •  • 2  -  SE C - R  )  . 

C  TMH  A»PA.  >.COR»ES»ON? ING  H TC  ’  I M£ $  SEC  >. 

C  TIMER. TOTAL  TIME  Of  INTEREST  SEC. 

C  TSO.  INITIAL  SuRfACE  TEMP  IR) 

C  *0"In!TIAl  GAS  PRESS  »E  PSI>. 

C  CAM*. RATIO  Of  S»ECI«IC  MEATS 

C  ERROR-CONVERGENCE  E»»0»  READ  IN  AS  A  DECIMAL  IE.  If  CONVERGENCE  ERROR  IS  TO 
C  BE  LESS  T.,an  S  PfRCfNT,  jBH.-IB.  CS  l 
C  OIN-TOTA  MEAT  t.  >  INPUT  IBTiHM*.' 
c  DIPTm. TOTAL  Dl P ' H  Of  IN’i»lST  E  T  . 

C  £  «P -E  >»ONf  NT 

c  «yZ*COmmENT  card.  INPUT  IS  Alphameric  IE  ANv’mINC  CAN  BE  WRITTEN  AND 
C  WILL  BE  PRIN’ED  AS  S  Cm.  AND  IS  CONSTPAiNED  TC  ON*  ONE  CAPO  PE»  DATA 
C  SET  80  CMARACT?  RS  OR  L  E  SS  > 

C  t.  -  TmERMAl  CONDUCTIVITY  Of  MATERIAL  IBT>  **.  » 

C  C  •  ME  A T  CAPACITY  Of  material  BTU/LB 
C  ROh. DENSITY  Of  ma’eRIAl  i l  B  PT.*»3 

C  L •«£  A  *  Of  fUSION  Cf  MATERIAL  IBTU/iB'  If  MELTING  IS  NOT  TO  BE 
C  CONSIDERED.  LEAVE  f  OR  ma  *  fJELO  B.ANi 

C  TM.  SOLIDUS  TEMPERATURE  OF  material  Hi.  IE  MELTING  IS  NOT  TO  BE 
C  CONSIDERED.  LEAVE  FORMAT  riElO  BlAN. 

C  TR- REACTION  TEMPERATURE  Of  MA’ERIAL  1®  IE  ME L T I NG  IS  NOT  TO  BE 
C  CONSIDERED.  LEAVE  FORMAT  HELD  BlANy 

C  C  MD-hE  AT  and  MASS  REACTION  COfffICIENT  f OR  MATERIAL  IJ/RI. 

C  If  MELTING  IS  NOT  TO  BE  CONSIDERED.  LEAVE  FORMAT  HELD  BlAN*. 
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DIMENSION  TI  t  SO  >  .temp  I  (  500.50  )  .ME  SSI  500  )  .  T£MPC(  500). VE 1(500) 
♦,M(500), TIME (5001. PVTEXPI500).T&l50>.VC(50>.PC<50>  ,  TMC  (  50  )  ,  T  MV  i  60  ) 
♦ . TMP( 50  I . S I GMAQ(  500).XYZ<20>.HG(S0) ,TMM( 60 > ,SUMX( 500  ) 
•.TT(50.4),N9(4).CPR<20>.CKRT<20.7>.ZVX(20.20).S£!<7) 

«EAl  x.l 

COMMON/ BARREL / T IMEF  .OEPTH.N.EXP.YSO.PO.OEL .GAMA. I  NT R VI .OJN .OCAL . 

♦  ERROR. TMA  X ,  I  .OT.A.NRUN.TEMPI  ,TI .PRESS. TEMP 6. VCL .M.TIME ,PVT£XP,TC, 
•VG , PC . xvz . S IGMAO, TMC . MG , TMV . TMC . TMP . TMH . NV , NT , KP . NM . K . C . RON , TM, l . 
•CMO . TR 

COMMON/ PRO J/VM. AREA . PMASS . ST 

EOUI VAL  E  NCE  ( TT(  1 , 1)  . TMV<  J  )  ) . ( N9 (  1  ) , N V  ) , ( S£  I  <  l  >  . K  ) 

OATA  CPR/20*!0.0E*06/ 

ARC  •  I 
NRUN*0 

NAME  L l ST/NUM/NT . NV . NP . NM . N .  INTRVL 
RE A0( 5 . NUN  I 

IF(NV.EQ.l)  REAO(S.IOI)  VM . AR E A . P MAS S  .  S T 
R  E  AO ( 5 .  I  0  I  >  (TCiJ  > ,  J  •  1 .NT  ).(  TMC  <  J  )  .  J  •  1  .NT  1 
RE  AO i 5 . I  0  1  )  ( VG<  J  >  .  J  -  1  .  NV  1  ,  ( TMV ( 0  )  , J- ]  ,  NV  ) 

READ! 5 . 101 )  (PC(J).J-l.NPl.(TNP(J).J-l.NPl 
R  E  AD  I  5 . 1 0 1  )  (HC<J>,J*1.NM).( TMH( J  )  . J* I . NM  ) 

WR I TE ( 6 .99  ) 

WR  I  T£  (  6  .  N'JM  ) 

00  I  I • I . NP 

1  PG<  1  )«PC(  :  1*144 

NAME  l  t  ST /BARE  n I  ME  «  . TSO . PO.GAM* .ERR0R.01N.DEPTM.EXP 
4  E  A  0 ( 5 .BARI  1 
WR  I  TE  (  6  .BARi.  I 

PO-PO* I  4  4 

IF  -0 

OO  9  l-I.ZO 

RE  AOt  5 . 1 00  .  I  NO-2  )  XVZ 

•  EAOi 5. 101 .ENO-2  i  x. C. R OH. TM.l, CmD.tr 

IF-IF-l 

« •«  3600 . 

00  12  3-1.7 

12  C ♦ *  T (  I .J  i-SE II J  ) 

OO  10  J-l .20 

10  Z»xi  1 . J  >-x»Z< J  > 

C  P  R (  I  1-C-ROM/A 

9  CONTINUE 

2  * -R  4MI Nl CPR . 20  ) 

I NV-NV 

CALL  TMTESTI TT.N9.DT. ARC, TJMEF  .N.OEPTm.V.OEL .1 ) 

IF ( ARC . EO . 3 .  >  GO  TO  3 
DO  13  M-1 . l F 
DO  14  2-1.20 

1 4  x»Z( J  ) •/» x < M. J  l 

00  11  3-1.7 

11  SE  I  (  J  i-O  RTi  M.  J  t 

13  CALL  SlABiARG) 

3  wR 1 T£ ( 6 . 1 99  > 

N9t  I  1* INV 
10-1 4MAXI N9 . 4  ) 

OO  5  J-l  .  ID 

IF  (  J  CT  NT )  CO  TO  6 
WR [ T£  <  6.200  )  TC<  J  > . TMG<  J  I 
6  IF  I J  iT  -NV )  GO  TO  4 
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WR|T£tb.20l>  VCiJl.TNVtJ) 

4  1F< J.CT  .MP  I  CO  TO  & 

PCI  J >-PC( J 1/ 144  . 

WR !T£ ( 6  . 202  )  PCI J  ) . TNP( J  > 

5  WRlTElb.203) 

WRITE! 6.204  1 
OO  •  J»  I  .  Mh 

S  WR1TEI6.20S)  MCUl.TMHIJ) 

99  f 0*HAT(  IH1  ) 

100  f ORNAT ( 20A4  1 

101  FORNATi gF JO . 0  I 

199  FORNATi |M| .T40. 12MJNPUT  TAIl ( $/ 1  MO . 1 9HCAS  TINPIRAToRI  (R1.T22.10MT 
•INi  ( SCC  1  . T42 .21 mCAS  VtlOCITV  ( F T/SEC  >.T66. lOMTJNt  ( SC C  1  . TM . I (MCA 
•S  PRESSURE  iPSI  1.TI07. I0MTIN£  <SEC)/]M0> 

200  FORNATi 1M. .T5.F 9  2.T24.E1I.4) 

201  F OR NAT l  |m«.T46.F9.2.T66,E11  .4) 

202  f  OR NAT  1  | M • . T  9 l  .F9.2.TI07.E1I  .4  ) 

203  FORMAT! 1M  ) 

204  FORNATl  1M0.25MCAS  M TC  ( 8 TU/F T • • 2 - SE C - R l . T 30 . 1 OMT INf  »S£Ctl 

205  FORNATl  1M  .TT.F9.2.T30.E  1  I  4  ) 

STOP 

£  M  0 
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SURROUT  1 NE  SLAB!  ABO 

0 1  HI  NS  ION  T|(SO>.TEMP1FBOO.SO>.PRESS(SOO>,  TEMPCI  BOO  )  .VC l ( BOO  I 
•.MFSOOI.TIMIFPJOI.PVTEXPISOOI.TCFBOI.VCFBOI.PCIBOI.TMCIOOI.TNVIBO) 

*  .  TMPF  SO  >  .SICPtAOF  S00  I  . XVZl 20  > .HCF  BO  )  ,TNN(  SO  • ,  SUMXF  BOO  > 

RIAL  K  ,  X  (  7  ) ,  l 

IOC1CAI  ZE41 

COMMON/ BARR! I / T IME  F .OEPTN.N.EXP.TSO.PO.OEl .CANA. INTRVl .OIH.OCAL . 

•  ERROR. THAI. I . OT . A . NRUN . TEMP  I . T!  .PRESS. TEMPO . VE l . M . T IME . PVTE IP . TC , 

• VC . PC . X  VZ . S I CMAO . TMC . MC . TMV . TMC . TMP . TMN . NV . NT . NP . NN . K . C . ROM . TM . L . 
•CMO.TR 

ZIBI-. TRUE  . 

I E ( ( I TN . E  0 . TR  > . AND .(CMO.EO.l >  I . ANO . I CNO . EO . TR It  ZEB1«. FALSE . 

If l ARC.EQ. 2. )  CO  TO  S 

OO  7  J»1 .5 

X<  J  >•( J-l  .  ••DEI • I Z . 

Illl'l. "DC l • I Z . 

X ( 7  l-OEPTN'IZ. 

DC l Z»DE  L ••? 

OOT-OT/IO. 

T--OT 

DO  S  M» I , t 
T«T • DT 
TIME C  N  >»T 
CALL  ARRAYS 

I P  f  IMC(  I  I.NE  .0.  I.ANO.INM.NE  .  I  )  >  CO  TO  S 
SUM»0  . 

00  2  M- | . 1 

PVT|*P(M)»(PRfSS<M >«VE  L(M)/TEMPC(M)  •••EXP 

SUM« S VM» P V T C XP(M»«tTEMPC(M>-ISOO.  ••DT 

A.01N/SVM 

TMAX • TSO 

OCAl-O. 

OO  I  M«|.N 
TEMP  I (  I . M  > • T SO 
T 1 1 M  •  • T SO 
IAVE-0 
ZEI2-0. 

10*1 
ONE  T.O. 

Ox  «DE l / 2 . 

00  4  m.j .  | 

; F (  ( mC i  I  •  .  E  0 . 0  .  I.ANO.INM.EO  I  II  M(M)«A*PVTEXP(M> 

HAVE  »A/2 . ••  PVTE  XP<  M- | AVE  ).PVTExP(MI> 
t  A  VE  •  I 

IF (  10  EO. ( N- I  •  •  CO  TO  20 
HR E  AC • 0  . 

I F ( ( T  I  (  IQl.CT.TR I.AND.ZEB  I  >  hREAC-CMO 
OC*MAVE  *DT*F  TEMPCI M l-T] <  10  XMRE AC  > 
hEAT»0C*0NE  T 

TEMPIIM. 10  >■( MEAT-R*0T/I Dll *0X«ZEB2  )•( T|(  IO)*TI( 10*1  I  I  •/<C«ROM»J 
•OEl -OX  •  » • T I  €  1 0  > 

IC>IO 

IF M  TEMP  I ( M.  10  )  .CT . TM )  . AND . 2EI 1  I  CAll  ME l T E 0 <  I  0 . 0 X . M . H| AT 
* . ONE  T , ZE  B2  > 

Til  IC  ••TEMPI (M. 1C  > 

IF ( TMAX . IE . T| ( 1C > )  TMAK«T|(1CI 
T 1 1  10  l«T|MP I ( M. 10 • 

IF( IC.lT. 10)  CO  TO  9 


Slab 


ONET-0. 

QCAl  -OCAi-OC 
SICMAQtMl-QCAl 

SuMXl M  )-< <  10-1  S)*0EI*0X)*I2. 

I F (  10.(0  N-l  )  CO  TO  20 
J-N-  1 

DO  4  MA-i . 10 

TEMP 1 1  H. 10. |  )-A*ODT/( C*ROM*D£l  I*M  T  1 1  IQ >-TI (  10*J  ) »/( DEL  -ZCt2*0X  »-( 

•  T[(  10*1  »-T|C  (0*21  )/Dll  I  •  T  I  <  [  0*  I  > 

TI<  10*1  >-T(MPl<M. 10*1  I 

If l  10* I  . EO. J  >  CO  TO  8 
18-10*2 
DO  J  NA-1B.J 

TEMP  1 1 M.NA  >•( X-HOT/t  C*R0M*DEl2  >  >•<  T  l  <  NA-  l  >-TJ ( NA* l  I 

•  -  2 • *  T 1 t  HA  M • T l ( HA  ) 

3  T  I  I  HA  l-TEMP  J  I  H.  HA  ) 

8  TEMP l  I  M.N  >•( 2 . •«  *ODT/t  C*R0H*D£l2  >  >•<  T 1 <  NA  >-T | ( N I >*T I ( N I 

4  T  K  H  >•  Tf  HP  I  (  H.  H  I 

If « ARC. IQ. 2.1  CO  TO  20 

If  ( . NOT. ( ( HN . £0. | » . AHO. ( HC< I »  EQ. 0. » n  CO  TO  20 
( -ABS<  t  01 H  OC Al  i  01 H  ) 
tf ( ( . I.E  .  ERROR  )  CO  TO  20 
A-A*OI N/OC At 
CO  TO  s 

20  WRJTElfc.TOOl  X»2 
ThC •• *  1600 

*».’T(  ■  6.8001  rMC.C. ROM. ■’M.Ti.CMD. I 
WR 1 TE i 6 . 1 01  )  < 
yl I T £  « 6 . 100  t  1 
-R I U  t  6 .200  > 

S  R  U  H  •  H  R  S  •  I 
12-0 
IH-0 

DO  22  J-  I  ,M 

IH-1H*  t 

J«'IJ  (  0.  i  OR .  I  J  (  0  H  )  .OR  (  IH  to. 1NTRVL  ) .OR . < SUNK! J » .CT . SUMXc J- 12 

•  it  m»ITE  6.3001  TIME < J » .M( J > .TEMPCI J  ) . TEMP | ( J . I  > ,TEHP|( J.2 >. 

♦Tf  M»  ! I  J .  3  )  .  TfMP ; I J . 4  >. temp  I  I J . 5  I  . TEMP  I (  J . ) 0  » . TEMP  1 <  J .N  » . SICMAQi J ) 

• . SUM.  j ) 

12-  I 

22  If  l  IH  EO.  IH’RVi.  I  IH-0 

wRITf .  6 . 400  1  A . QC  *L  . ’«»« 

CA.l  CRAP**'  «  .SUM.  .M  I 
ARC-2 

100  fCRMA',  I  M3  .  T  3  .  4MT  IMf  .  T20.2HMC.T  32  .  12**T£MP  Of  C  A  S  .  T  4  8 . 2M  T  I  .  TS  7 . 2MT 
•2.T66.2mTJ.tts.2mT4.T84.2MTS.T83.imT10.TI02.1MT.I2.T|1 3 ,6mS ICKAO. T 
•123,6ms uM  0» 

101  f ORmaTi  jmo . T66 . I 2M0E *Tm  <  I  HCM  i / I  MO . T 4 6 . 7 < f 8  . % .  1  X )1 

200  f  O*  ma  T (  1M.T2.6MI  SEC  >.T|2.18M<BTU/fT-*2-»-SEC.  >.T36.3M<R|.9X.7<3M< 

♦•>.•»>. Tno.l INEfTUAf T**2  I  «TI23.fN< INCH )  I 
300  f  0*  MA  T (  l MO  .  E  I  I  4  .  T  1  6  .  f  I  I  4 . T32 . f 9 . 2 . T46 .f 7 . 2.6( 2* .f 7. 2 > . T|| J.f 7. 2. 
•T|74.f 7  6  i 

400  fORMATl  1M0. 12MC0HSTAHT.  A-.fll  4/IM  . 20M  TOTAL  MEAT  INPUT,  0-.T9.2. 

•  1 IMI BTU/r T**2  )/|N  .34  MMA  X 1 MuN  SURfACt  TEMPERATURE.  TMAX • . f  9 . 2 . 3M  (  R 

•  >  ) 

700  fORMATl  )M]  ,  20 A  4  l 

800  fORMATl IM0.32MINTRJNSIC  PROPERTIES  Of  MATERJAl/IM  . 2HK • . f 7 . 2 . 1 2M  8 
•Tu/PT-mR  »  !m  . 2MC-. f 7.2.7M  BTU/18/1M  . 4MROM- . f 7 . 2 . 9M  lB/fT**3./|M 
•  . 2  I MSOt 1 OuS  ’EMPERATURE-  .T7.2.2M  P/|M  . 2 1 HRE AC  T I  ON  TEMPERATURE*. 
• f  7 . 2 . 2m  R/IM  . 4MCM0- .  r 8  S  .  4M  1/R/IM  . I SMME  AT  Of  f US  I ON- . f 7 . 2 . 7M  BT 
•U/l 8  » 

RE  TURN 
END 
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SUBROUTINE  MElTEOI IQ , OX ,M . ME AT .ONE T . 21 B2 l 

DIMENSION  TI(  SO  )  .  TEMPI  (  S00  .  SO  I .  Ml  SS<  SOO  t .  TEMPO!  SOO  I .  V|l(  SOO  I 
• .HI SOO ) .TIME  I SOO > . P VTE  XP I SOO > .  TC<  SO  I .  VCI  t>0  l .  PCI  SOI ,TM6< 60  I ,TMV<  60  I 
* . TMPI  SO  I . S I CMAOl  SOO  > . XV2I  20 ) . MCI  SO  I . TMH I  60  I  .SUMXt  SOO  I 
REAL  K.l 

COMMON /BARREL /TIMET . DEPTH, N.EKP.TSO.PO. DEL. 6AMA . INTRVL .OIN.OCAl . 
♦ERROR .TMAX. 1 . OT . A . NRUN . TEMP  I .T| . PRE SS . T| MPC . VE L . H . T 1ME .PVTEXP.T6. 
•VC.PC.XV2.SI CMAQ .THC.HC.TMV.TMC. TMP , TMH .NV.NT.NP.NH.K.C. ROH . TM.L , 
♦CMO.TR 
OOX-OX 

DK-DX • .  MEAT-C*ROM-< OIL -OX  1*1 TM-T|l|Q>l-KaOT*lTI(IQ>-TI(|  0*111 
*/IOEL-2EB2*OXI  I/I ROH«l  ) 

TCMPIIM, 1 0  I • TM 

IF  I { OX .CT . DEL /2 .  > . AND. I  OX .LT  OIL  I  I  CO  TO  I 
IFtOX.CT.OEL )  CO  TO  2 
CO  TO  3 
ZEB2-  S 
CO  TO  ] 

OHET«ROM»L*<  OOX-OEl  I 
10- I0« I 
Ox-O . 

2EB2-0 . 

00  4  J-M, | 

TEMP | I J . 10- |  l-TM 

RETURN 

ENO 


n  r»  o  o  o  n  r» 


ARRAYS 


subroutine  arrays 


SUBROUTINE  ARRAYS  WILL  C I TMI R  GENERATE  VALUES  OF  TEMP  . .MESS. .VELOCITY 
ANO  HC  BY  LINEAR  INTERPOLATION  FROM  TABULAR  INPUT  DATA  OR  BY 
TC-TGOM  P/PO GAMA-  I /GAMA  t . 


DIMENSION  Tl<50>.TEMPl<500.SO>.PRESSI500>.TENPCl  600 1 .VEll  500 t 

•  .HI  500 ) . T I  ME  I  600  > .PVTE  XP< 500  I . Tct  50  > . VC<  50 ) . PCI  50  > . TMC<  60 » . TMV< 60  ) 
• . TMPI  50 ) . SIGMAQI 500l.*YZl20I.HCl50  > .TMMI 50  )  .SUNK ( 500  > 

REAL  K 

COMMON /BARREL /T I  ME F  .  DEPTH. N.EUP.T SO. PO. DEL  .GAMA. 1NTRVL .OIN.OCAl . 

•  ERROR . TMA* . I  .OT .A.NRUN . TEMPI  . T 1  .PRE  SS . TEMPC.VE  L .N.TIME .PVTEKP . TG . 
♦VC .PG . XYZ.SICMAQ. TMC .MG . TMV , TMG . TMP . TMM .NV.NT . NP . NN . K . C . ROM . TN . L . 

•  CMD  .  TR 

IF ( t MGl  I  > .EO. 0.  1 . AND. ( NM.EO. 1(1  GO  TO  9 
J»2 

ACUTHE • -0T 
OO  7  M- l . | 

ACUTHE -ACUTHE  *07 

I F  (  l ACUTMF  . CT . TMMI J  I  > . ANO . I  I J M  > . L  E . NM  )  >  J-J»  l 
7  M(  M l-MCI J  -  I  I  •  I  I  MCI J  I  MCI  J  l  ) »/l  TMMI  J l-TMMI J- |  I  I  )• 

•  i  ACUTHE  - TMM l J  -  I  )  I 

9  CONTINUE 

IF  I  (  MCI  1  )  .  NE  .  0  .  I  ANO  .  I  NM  NE.I>>  CO  TO  § 
j  -2 

ACU  TME • -  0  T 
DO  2  M- l . I 
ACUTMf -ACUTHf  »0T 

I  F  I  I  AC  U  THE  GT.TMPeJii  and.ujm  I.LE  NP  I  I  J-JM 
2  PRESS! MI-PCl J  I  )  •(( PCI J I -PC  I J- I  >  >/l  TMPI J  )- TMP ( J- I)  >  )• 

•  ACU 'Mf  T HP ( J  1  )  ) 

IF  I  NV  EO  I  >  CALL  VElOCT 
J-2 

ACUTHE • -D  T 
00  i  M- | . 1 
ACUTHE  -ACuTHE  »0T 

I  F  l  (  ACUTHE  .CT .TMVI J  I  I  ANO  .MJMI.LE.NVII  J-JM 
1  VE L l H  -VG< J- I  I  •  VC' J  l-VGI J-  1  I >/< TMVI J l-TMVC J- t  I  »)• 

•  AC’JTHE  TMV  !  J  I  >  ) 

IFINTEO.il  CO  ’0  4 

B  J-2 

ACUTHE  -  -  0  T 
00  J  H- I . 1 
ACuTHE -ACuTHE • DT 

IFIIACUTHE  CT.THCI J  I  I  . ANO . I  I J»  I)  . LE  NTl)  J-JM 
J  TEHPG(Mi-TGiJ-1  > • I  I  TGI J  )  -  TGI J -  I  I  I/I  TMG I J  I -TMC l J -  I  III* 

•  ACUTHE  TM0,  i  J  -  1  I  I 
CO  TO  5 

4  CPCV-iCama  ;  i/cama 
OO  6  M- I . | 

6  TEHPCi Hl-I  0*’Ci I l-l*«ESSlM>/PO)*»CPCV 

5  *E  TURN 
END 


TMTEST 


SUBROUT I N{  TNTIST(  TN . N . OT , BOMB . T INC F . L , Of PTH .  V  .  DEL .  1  > 

DIMENSION  TM(S0,4),N(4>, DUMP  I  4  ) 

DATA  DUMP/4H  VC  .  4H  TC  ,4H  PC  ,4H  MC  / 

DEL •DC  PTH/ 1 l-l  ) 

DTI-TIMEF/100. 

0T2-Y-0EL«0EL/0. 

OT-DTl 

IM0T2.1E.0TI  )  DT-0T2 

I - I T IME F /OT  ) ♦ l 
0  T  •  T  I  ME  F  / 1  1-1  ) 

BIC-I 

URITE16.500)  I 1C . OT 
I F (  I . CT . SOO  >  1-500 
0T-T1MEF/)  |-| > 

t  F (  1 . E  Q . 500  >  VR I TE  <  5 . 600  )  OT 

500  FORMAT! 1H0.64NTHE  NUMRER  OF  DATA  PTS.REQ.-D  OSINC  THE  SMALLEST  VAL 
♦UE  OF  OT  IS  .E12.5.23H  THE  VALUE  OF  OT  OEINC  .£12.5) 

600  FORMAT! 1H0. I I6HTHE  MAXIMUM  PERMISSABLE  NUMBER  OF  DATA  PTS.  ALLOWED 

•  B»  THIS  PROCRAM  S  DIMENSIONAL  ARRAYS  ARE  500.  THEREFORE  BOO  WILL/ 
•IH  . 5BHBE  THE  REQ.'O  NUMBER  OF  DATA  PTS.  THE  VALUE  OF  OT  WILL  BE  . 
•EI2.5.I2H  BY  DEFAULT.  ) 

00  1  IN-1.4 

1A-NI  IN  )- I 
IF!  IA.EQ.0  I  CO  TO  I 
DO  2  IM-t . IA 

II- IM-I 

IF  I  (  TM(  |M- |  .  IN >-TM!  IM. IN  I  I .CE  -OT  I  CO  TO  2 
WR I TE I  6 . I  00  )  OUMPl  IN  )  .  I  I  .  IM 

BOMB-] . 

2  CONTINUE 

I  CONTINUE 

100  FORMAT!  IH0.24HTIME  STEP  IN  INPUT  TABLE ,A4 . 15HBE TWE EN  VALUES  .I2.BH 

•  AND  .I2.17H  IS  LESS  THAN  OT  .  ) 

RETURN 

END 


1 0<> 


GRAPH 


SUiROUTlNE  GRAPH! X.SUMX. Ml 

DIMENSION  T 1 ( SO  >  ,  T E MP 1 ( S  0  0  ,  b  0 ) .PRESS*  5  00 I . T  E  HP  Gl  SOO ) . VEL<  600  I 
•.MlSOO>.T|ME<SOO>.PVTEXPl5CO>.TGlSOi.VGlSOl.PG<SO>. TMG( 60  )  ,TMV<  6C  ) 

♦  . TMPt  50 ) .SlGMAOi SOO  I  . XVZi 20  >  .HC! SO  I  . TMH<  SO  I  .SUM* I SOO  ) 

REAL  K  ,  X  (  7  I  ,  L 

COMMON/ BARREL.  T  I  ME  F .DEPTH. N, EXP, ISO, PO, DEL. GAMA , I NTRVL .OIN.OCAL , 

♦  ERROR . TMAX . I  .DT . A.NRUN. TEMP  I . Tl .PRESS .TEMPC. VEL .M.TIME .PVTEXP ,TC . 
•VC. PC . XV2.SIGMA0. THC . HC . TMV . TMC . TMP . TMM . NV . NT . NP . NH . K . C . ROM . TM . I . 
•CMO . TR 

0-*< 2  1/2. 

IZ-O 
IN-0 
IT- I 

DO  21  J •  1  .  N 
1  N  •  I  N  •  I 

1 F ( SUM*!  JlCT.(JT*Xl2l-D)l  I  T •  I  T •  1 

lF(IJ.EO.|».OR.!J.EQ.Ml.OR.(lN.EO.INTRvi).OR.( SUMX! J  I  .CT . SUMX!  J- 12 

♦  ))>  V* I T  E I  7.99)  NRON . TIME ( J  ) . TEMP  I  I J . I T > ,H(  J  I . TEMP6< J  ) 

• .PRESS! J  ) . VELIO! . SICMAQI J  ) . SUMX  I J ) 

1 F I  1N.E0.  1 NTRVL  1  IN-0 
21  12-1 

99  FORMAT!  I5.SE  IS  8./.3F IS. 8  ) 

RETURN 

END 
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VELOCT 


SUBROUT  1 NC  VCLOCT 

0 1  MRS  ION  TIISOI.TCMPII  BOO .  SO  >  .PRESS!  BOO  » . TCNPCI  BOO ) .  VEl(  BOO  I 

•  .  N(  BOO  I .  T IMC I  BOO  I .  PVTE  XPl BOO  > . TCI  SO  ) . VCI SO  >  .PCI  SO  I .  TMCI  BO  I .  THVi  BO  > 

•  . TMPI SO  > . S I  CHAO < BOO  > . X VZl 20  > . NCI  SO  I . TNNI 60  > . SUNXI BOO ) .SI  BOO  I 
CONNON/BARRCL/TIMCF .DEPTH. N. EXP. TSO.PO  OCL .CANA. INTRVL .QIN.QCAl. 

* ERROR . TNAX , I .OT.A.NRUN.TENPI ,TI . PRC SS . TCNPC . VEL . H . T INC . PVTCXP . TC . 

•  VC . PC . X VZ . S I CNAO . TNC . HC . TNV . TNC . TNP . TNN . NV . NT . NP . NN . K . C . RON . TN . L . 
•CHO.TR 

COMMON /PRO J / VM, ARE A . PNASS . ST 
IN-0 
F  *  1  . 

3  J-l 

SI  I )-0. 

IN-IN-l 

00  I  M-| 1 . 1  .  10 
J-J-  I 

VCI  J  )-f -AREA-1  PRESSIMMPRESSIN-  10  I  l-OT-IBl  .  /PNASS-VCI  J-  I  ) 

SIJ  I-SIJ-I  I-IVCIJ  1-VClJ-l  I  )-0T-B. 

TMVI J ( -T  I  ME  I  N  ) 

1FISI J>.CE .ST)  CO  TO  B 

1  CONTINUE 

S  Z-ABSl I VCI J >-VM >/VM  ) 

Ifl I Z.LC .0 .  I  > .OR  .  I  IN.EO. S  I  I  CO  TO  2 
r -F -VM/VCl J  > 

CO  TO  J 

2  IF  I J .CO. 1/ 10  )  CO  TO  7 
vet  J*  I  )-VC( J  ) 

S «  J  •  1  )  •  I  T  I  Ml  f  -  T  I  ME  I  M  )  )-VC<  J  )•$(  J  ) 

T  MV (J-l  >  •  T  I  Ml  F 

7  WRITEIt.99)  VM.AREA.PMASS.ST.F 

00  4  J 1  -  I  .  J 

4  WR I TE I  6 . I  00  )  TMVI J1  ) .SI  J I  I . VCt J1  > 

NV-J 

99  FORMAT! IHl .T10.J7HCALCULAT10  VELOCITV  VALUES  t F T . /SEC . > / IHO . I 7N  MU 

•22LE  vElOCITv-.fr. 2. 1 IM  ( F T . /SE C  .  > / I H  , 2BM  BASE  AREA  OF  PROJECTILE 
••.FR.5.9H  IFT.--2)/|M  , 20N  MASS  OF  PROJE CT 1 1 1 • . F t . 6 . 6M  <  L  B .  > / I M  .1 
•IN  TUBE  lENCTm-.FR  5.6m  IFT.  I/IH0.30H  PRESSURE  FACTOR.  *F* 

••.FR  2.6H  /1H0.T2B. UNTIME  l SEC  .  I.T4I . I4N0ISTANCE  IFT.I.TBO.I 

•9MVEL0CITV  ( F T . /SEC  .  1/ INO  ) 

100  FORMATIIM  .  T25  .E  1  I  . 4 . T4S .F» . B . T65.FR .2  ) 

RETURN 

ENO 
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calculated  velocity  values  ift./sec.i 


nuzzle  velocity-  29*0.00  ift./sec.i 

IASE  AREA  Of  PROJECTILE-  0.00160  (FT. 
NASS  OF  PROJECTILE-  0 . ZSOOO  III.) 

TURE  LENCTM-1S. 00000  (FT.» 

PRESSURE  FACTOR.  *F*  •  0.34 

TINE  (SEC. > 


0.0 

0.  IZSOE -02 
0.2500E-02 
0.  17S0E  -02 
O.SOOOE-02 
0.62S0E-02 
0 . 7S00E -02 
0.R7S0E-02 
0. I000E-0I 
0 . 1 I25E -01 
0. I2S0E-01 


•2  » 


DISTANCE  (FT.)  VELOCITY  (FT. /SEC.) 


0.0 

0.0 

0.00719 

11.92 

0.06276 

60.79 

0.21766 

201.06 

0.70469 

576.19 

1.94226 

1403.97 

4. 19276 

2196.91 

7. 12926 

2500.00 

10.11159 

2593.32 

13.57170 

2626.06 

16.96226 

2635.64 

10 
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DISTRIBUTION  LIST 


No.  of  No.  of 

Con ics  Organi rat  ion  Copies  Organ 1  tat  ion 


12  Commander 

Defense  Documentation  Center 
ATTN:  DOC- DOA 
Cameron  Station 
Alexandria,  VA  22314 

1  Director  of  Defense  Research 
and  engineering 
ATTN :  R.  Thorkildsen 
The  Pentagon 
Arlington,  VA  20301 

1  Defense  Advanced  Research 
Projects  Agency 
Director,  Materials  Division 
1400  Wilson  Boulevard 
Arlington,  \A  22209 

1  Commander 

US  Arms  Materiel  Development 
and  Readiness  Command 
ATTN :  DRCDMD-ST 
S0D1  Eisenhower  Avenue 
Alexandria,  VA  22333 

1  Commander 

US  Army  Aviation  Research  t, 
Development  Command 
ATTN :  DRSAV-E 
P.0.  Box  209 
St ,  Louis  ,  M0  b31bb 


1  Commander 

US  Army  Electronics  Research 
k  Development  Comaiand 
Technical  Support  Activity 
ATTN:  DLLSD-L 
Ft.  Monmouth,  NJ  07703 

1  Commander 

US  Army  Commumcat  ions  Hsch 
and  Development  Command 
ATTN:  DRDCO-PPA-SA 
Ft.  Monmouth,  NJ  07703 

2  Commander 

US  Army  Missile  Research  t, 
development  Command 
ATTN :  DRUM1-R 

DRDM1-YDL 

Redstone  Arsenal,  AL  33609 

1  Commander 

US  Army  Tank  Automotive  Rsch 
and  Development  Command 
ATTN:  DRD1A-UL 

Warren,  Ml  48090 

2  Commander 

US  Army  Armament  Research  k 
Dcvcl opmen t  Command 
ATTN:  DRDAR-TSS 
liover,  NJ  07801 


1  Director 

US  Army  Air  Mobility  Research 
and  Development  Laboratory 
Ames  Research  Center 
Moffett  Field,  CA  9403S 

1  Commander 

US  Army  Research  f»  Technology 
Laboratories 
ATTN:  R.A.  Langsworthv 

Ft.  Lust  is,  VA  23604 


1  Commander 

US  Army  Armament  Materiel 
Readiness  Command 
ATTN:  DRSAR-LhP-L,  Tech  Lib 
Rock  Island,  1L  b!299 

S  Commander 

US  Army  Armament  Research  k 
Development  Command 
ATTN:  FC  k  SCWSL,  D.  C.vorog 
H.  Kahn 
B.  Brodman 

S.  Cytron 

T ,  Hung 

Dover,  NJ  07801 


DISTRIBUTION  LIST 


No .  of 

Copies  Organization 

t>  Commander 

US  Army  Armament  Research  U 
Development  Command 
ATTN:  DKDAM-LC ,  J.  Frasier 
M.  Fair 
J .  I.annon 

C.  Lenchitz 
A.  Moss 

R.  balker 
Dover,  NJ  07801 

o  Commander 

US  Aray  Armament  Research  t, 
Developaent  Coaaand 
ATTN:  DRDAK - LC ,  J.  Picard 

D.  Costa 

L.  Barneres 
R.  Com 
k.  Rubin 
J.  Houle 
Dover,  NJ  07801 

S  Coaaander 

US  Army  Ara.iaent  Research  f, 
Development  Command 
ATTN:  DRDAR-LC,  D.  kat: 
t.  burzel 
A.  Russell 
D .  Down  s 
R.L.  Trask 
Dover,  NJ  0~801 

1  Commander 

US  Army  Armament  Research  f» 
Development  Command 
ATTN:  DRDAR-QA.  J.  Rutkowski 
IR>ver,  V)  0"801 

4  Commander 

US  Army  Armament  Research  1. 

Develojaient  Command 
Benet  Laboratory 
ATTN :  I .  Ahmad 

T.  Davidson 
J.  Zwctg 
G.  Friar 

Natervl ict ,  NY  12189 


No.  of 

Copies  Organ i z at  ion 

S  Commander 

US  Aray  Armament  Research  <i 
bevclu|M»er.t  Command 
Benet  Laboratory 
ATTN:  J.  Busuttil 
N.  Austin 
R.  Montgomery 

R.  Billington 
J.  Santini 

Natervl let,  NY  12189 

1  Project  Manager,  Mt>0  Tanks 

US  Aray  Tank  f.  Automotive  Cmd 
28 ISO  Dequindrc  Road 
barren ,  MI  48090 

4  Project  Manager 
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